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Ch
ap
te
r 
Th
re
e
Ba
sic
 K
er
r C
on
ce
pt
s
3.
1 
In
tr
od
uc
tio
n
Fu
nd
am
en
ta
lly
, t
he
 f
ie
ld
 o
f 
sp
ec
tro
sc
op
y 
in
ve
sti
ga
te
s 
th
e 
ch
an
ge
s 
th
at
 o
cc
u
r 
in
lig
ht
 a
n
d 
th
e 
m
ed
iu
m
 in
 w
hi
ch
 it
 is
 p
ro
pa
ga
tin
g 
as
 th
ey
 in
te
ra
ct
. 
Th
e 
in
te
ra
ct
io
n 
be
tw
ee
n
lig
ht
 a
n
d 
m
at
er
ia
l b
eg
in
s w
ith
 th
e 
re
sp
on
se
 o
f c
ha
rg
ed
 pa
rti
cl
es
 to
 li
gh
t's
 o
sc
ill
at
in
g f
ie
ld
s.
In
 ti
s 
ch
ap
te
r, 
th
e r
es
po
ns
e 
o
f e
le
ct
ro
ns
 to
 li
gh
t i
s c
o
n
sid
er
ed
 a
s 
m
an
ife
st 
in
 th
e 
pr
oc
es
se
s
o
f 
ab
so
rp
tio
n 
an
d 
di
sp
er
sio
n.
 
U
nl
ik
e 
co
n
v
en
tio
na
l 
ab
so
rp
tio
n 
sp
ec
tro
sc
op
y 
w
hi
ch
 is
co
n
ce
rn
ed
 o
id
y 
w
ith
 th
e 
fir
st,
 K
er
r 
sp
ec
tro
sc
op
y 
is 
al
so
 d
ep
en
de
nt
 o
n
 t
he
 p
ha
se
 c
ha
ng
es
du
e 
to
 
th
e 
se
co
n
d 
ph
en
om
en
on
, 
di
sp
er
sio
n.
 
Fo
rtu
na
te
ly
, 
bo
th
 p
he
no
m
en
a 
ca
n
 
be
ac
co
u
n
te
d 
fo
r b
y t
he
 e
x
pr
es
sio
ns
 de
ve
lo
pe
d 
fo
r l
in
ea
r a
bs
or
pt
io
n.
In
 t
hi
s 
ch
ap
te
r 
th
e 
K
er
r 
ef
fe
ct
 i
s 
di
sc
us
se
d 
in
 t
he
 s
im
pl
e 
fra
m
ew
or
k 
o
f 
lin
ea
r
ab
so
rp
tio
n 
be
ca
us
e 
o
f t
he
 f
am
ili
ar
ity
 o
f t
he
 f
ra
m
ew
or
k 
an
d 
be
ca
us
e 
o
f t
he
 p
ot
en
tia
l 
fo
r
u
n
de
rs
ta
nd
in
g 
th
e;
 i
m
po
rta
nc
e 
o
f 
ab
so
rp
tio
n 
an
d 
di
sp
er
sio
n 
sim
ul
ta
ne
ou
sly
. 
Th
e
de
ve
lo
pm
en
t w
ill
 st
ar
t 
w
ith
 a
 s
im
pl
e 
cl
as
sic
al
 m
o
de
l o
f a
 b
ou
nd
 c
ha
rg
e 
in
 a
n
 o
sc
ill
at
in
g
lig
ht
 fi
el
d.
 F
ro
m
 th
is 
m
o
de
l, 
ex
pr
es
sio
ns
 fo
r 
ab
so
rp
tio
n 
an
d 
di
sp
er
sio
n 
as
 a
 f
un
ct
io
n 
o
f
lig
ht
 fr
eq
ue
nc
y w
ill
 be
 d
er
iv
ed
. 
Th
is 
w
ill
 b
e f
ol
lo
w
ed
 b
y 
a 
de
riv
at
io
n 
o
f t
he
 d
es
cr
ip
tio
ns
 of
ab
so
rp
tio
n 
an
d 
di
sp
er
sio
n 
as
 a
 fu
nc
tio
n 
o
f f
re
qu
en
cy
 th
ro
ug
h 
tim
e-
de
pe
nd
en
t p
er
tu
rb
at
io
n
th
eo
ry
.
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at
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fo
r b
ot
h 
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an
d 
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n i
s l
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ite
d t
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ea
r p
ol
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iz
ab
ili
ty
.
A
lth
ou
gh
 th
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ns
 d
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 in
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ch
ap
te
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ill
 n
o
t b
e 
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le
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 a
cc
o
u
n
t 
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tit
at
iv
el
y
fo
r t
he
 K
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ef
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ct
, t
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y 
pr
ov
id
e 
an
 e
x
ce
lle
nt
 m
o
de
l o
f d
ic
hr
oi
sm
. a
n
d 
bi
re
ffi
ng
en
ce
 in
 a
n
an
iso
tro
pi
c 
m
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iu
m
 w
ith
ou
t 
in
tro
du
ct
io
n 
o
f u
n
n
ec
es
sa
ry
 c
o
m
pl
ex
ity
 re
la
te
d 
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 o
rie
nt
in
g
po
la
r 
m
o
le
cu
le
s 
in
 a
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 e
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ct
ric
 f
ie
ld
. 
In
 t
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 p
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og
ic
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 m
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o
u
tli
ne
d i
n 
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is 
)ap
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, o
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nt
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io
n 
o
f t
he
 m
o
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cu
le
 is
 a
cc
o
u
n
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r b
y 
a 
pe
rfe
ct
ly
 al
ig
ne
d
en
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bl
e o
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o
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cu
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sit
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ns
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ed
 p
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l t
o 
th
e 
ap
pl
ie
d 
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c f
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ld
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 c
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 f
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 p
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. b
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 b
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at
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 r
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w
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 a
 fi
m
ct
io
n
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f d
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en
t. 
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pr
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ns
 c
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 b
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e 
po
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n 
an
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tio
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o
f t
hi
s
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tro
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w
ith
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w
ith
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an
 
o
sc
ill
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el
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c 
fie
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W
ith
ou
t 
th
e 
ap
pl
ie
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ld
 t
he
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 d
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no
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di
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l E
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. d
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(3.
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In
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m
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o
f t
he
 e
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ct
ro
n,
 q
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sit
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n 
o
f t
he
 e
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ro
n 
an
d 
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re
st
or
in
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fo
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n
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t 
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o
n
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e 
el
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tro
n.
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s p
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o
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it.
 
(3.
2.2
)
r
w
i
M
.
(3.
2.3
)
k,
E
-
q T
Fi
gu
re
 3
1 
Th
e 
cl
as
sic
al
 ap
pr
oa
ch
 to
 d
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di
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er
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n 
o
f 
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 b
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 a
n
 e
le
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ro
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bo
un
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to
 a
 m
o
le
cu
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r 
at
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 p
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en
tia
l. 
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 re
st
or
in
g 
fo
rc
e i
s -
kq
.
Th
e 
ch
ar
ge
-o
n-
a-
sp
rin
g 
m
o
de
l 
ca
n
 b
e 
ex
te
nd
ed
 t
o 
in
cl
ud
e 
en
er
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 d
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n
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o
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o
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n
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 to
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o
u
n
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r t
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 p
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, 
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th
e
di
ffe
re
nt
ia
l e
qu
at
io
n 
fo
r t
he
 m
o
tio
n 
o
f t
he
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le
ct
ro
n 
be
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m
es
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+
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e 
di
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e 
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m
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 d
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en
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l e
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n 
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in
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m
 E
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at
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 r
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n
d 
im
ag
in
ar
y 
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 f
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cl
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t. 
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) f
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he
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im
e 
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 p
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 c
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Th
es
e e
qu
at
io
ns
 c
an
 b
e 
m
ad
e t
o 
lo
ok
 e
x
ac
tly
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e 
Eq
s. 
3.
2.
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) a
n
d 
3.
2.
15
) b
y 
m
ak
in
g t
he
ap
pr
ox
im
at
io
n t
ha
t 
r 
is 
m
u
ch
 
m
al
le
r t
ha
n 
th
e 
fre
qu
en
ci
es
 w
iO
 an
d 
co
, 
w
hi
ch
 is
 th
e 
ca
se
fo
r m
o
st
 tr
an
sit
io
ns
.
B
ot
h 
th
e 
cl
as
sic
al
 t
re
at
m
en
t 
o
f 
a 
ch
ar
ge
d 
ha
rm
on
ic
 o
sc
ill
at
or
 a
n
d 
th
e 
tim
e-
de
pe
nd
en
t p
er
tu
rb
at
io
n 
th
eo
ry
 t
re
at
m
en
t 
o
f t
he
 r
es
po
ns
e 
o
f 
a 
m
ed
iu
m
 to
 a
n
 o
sc
ill
at
in
g
lig
ht
 f
ie
ld
 in
di
ca
te
 t
he
 i
m
po
rta
nc
e 
o
f 
bo
th
 d
isp
er
sio
n 
an
d 
ab
so
rp
tio
n 
in
 d
es
cr
ib
in
g 
th
e
tr
an
sm
itt
ed
 ra
di
at
io
n.
 
Th
is 
re
la
tio
ns
hi
p 
ca
n
 b
e 
de
m
on
str
at
ed
 in
 a
 t
hi
rd
 w
ay
 t
hr
ou
gh
 th
e
ap
pl
ic
at
io
n o
f t
he
 K
ra
m
er
s-
K
ro
ni
g r
el
at
io
ns
hi
p 
be
tw
ee
n 
th
e 
re
al
 a
n
d 
im
ag
m
ia
ry
 re
sp
on
se
 o
f
a 
sy
ste
m
. 1,2
 
Th
e 
ex
te
ns
io
n o
f t
he
 ti
m
e-
de
pe
nd
en
t t
he
or
y 
to
 in
cl
ud
e n
o
n
-li
ne
ar
 te
rm
s 
in
 th
e
pe
rtu
rb
in
g 
fie
ld
 w
ill
 y
ie
ld
 th
e 
sa
m
e 
co
n
n
ec
tio
n 
be
tw
ee
n 
th
e 
tw
o 
ph
en
om
en
a.
 
Th
er
ef
or
e,
th
e 
de
riv
at
io
ns
 p
re
se
nt
ed
 h
er
e 
gi
ve
 t
he
 e
x
pe
ct
ed
 r
el
at
io
ns
hi
ps
 b
et
w
ee
n 
di
sp
er
sio
n 
an
d
ab
so
rp
tio
n 
in
 th
e 
sim
pl
es
t 
ca
se
 w
ith
 i
nd
ic
at
io
ns
 f
or
 h
ow
 t
o 
ex
te
nd
 t
he
 c
al
cu
la
tio
ns
 to
in
cl
ud
e n
o
n
-li
ne
ar
 te
rm
s.
 
Th
e s
ta
ge
 is
 n
o
w
 s
et
 fo
r i
nv
es
tig
at
in
g t
he
 c
ha
ng
es
 th
at
 o
cc
u
r 
in
 a
be
am
 o
f 
po
la
riz
ed
 l
ig
ht
 a
s 
it 
pr
op
ag
at
es
 t
hr
ou
gh
 a
 
m
ed
iu
m
 w
ith
 a
 
tr
an
sit
io
n 
al
lo
w
ed
pa
ra
lle
l t
o 
an
 a
pp
lie
d 
st
at
ic
 e
le
ct
ric
 f
ie
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.
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Jo
ne
s M
at
rix
 A
pp
ro
ac
h 
to
 th
e 
K
er
r E
ffe
ct
-
A
ny
 co
n
sid
er
at
io
n 
o
f t
he
 K
ef
f 
ef
fe
ct
 m
u
st
 s
ta
rt
 w
ith
 a
 d
es
cr
ip
tio
n 
o
f t
he
 c
ha
ng
es
th
at
 o
cc
u
r 
in
 p
ol
ar
iz
ed
 li
gh
t a
s 
it 
pa
ss
es
 th
ro
ug
h 
an
 a
n
ist
ro
pi
c 
m
ed
iu
m
. 
A
s 
in
di
ca
te
d 
by
th
e 
pa
ra
lle
lis
m
 b
et
w
ee
n 
di
sp
er
sio
n 
an
d 
ab
so
rp
tio
n 
gi
ve
n 
ab
ov
e,
 b
ot
h 
ab
so
rp
tio
n 
an
d
di
sp
er
sio
n 
ar
e 
co
n
sid
er
ed
 in
 th
e 
Jo
ne
s 
M
at
rix
 d
es
cr
ip
tio
n 
o
f t
he
 c
ha
ng
e 
in
 p
ol
ar
iz
at
io
n?
Th
e 
Jo
ne
s 
M
at
ric
es
 tr
an
sf
or
m
 a
 v
ec
to
r 
de
sc
rib
in
g 
th
e 
in
iti
al
 p
ol
ar
iz
at
io
n 
o
f l
ig
ht
 i
nt
o 
a
v
ec
to
r w
hi
ch
 d
es
cr
ib
es
 th
e 
fin
al
 po
la
riz
at
io
n.
 T
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 p
ol
ar
iz
at
io
n 
tr
an
sf
or
m
at
io
n 
ac
co
u
n
ts
 fo
r
di
sp
er
sio
n 
an
d 
ab
so
rp
tio
n 
th
ro
ug
h 
ex
po
ne
nt
ia
l m
at
rix
 e
le
m
en
ts 
th
at
 c
lo
se
ly
 re
se
m
bl
e 
th
e
B
ee
r-
La
m
be
rt 
fa
ct
or
s 
w
hi
ch
 d
es
cr
ib
e 
lin
ea
r 
ab
so
rp
tio
n.
 
H
ow
ev
er
, 
th
e 
Jo
ne
s 
M
at
ric
es
in
cl
ud
e 
te
rm
s 
th
at
 re
su
lt 
in
 a
 c
ha
ng
e 
in
 th
e 
ph
as
e a
s 
w
el
l a
s 
th
e 
in
te
ns
ity
 o
f t
he
 li
gh
t a
s 
a
fu
nc
tio
n 
o
f p
ro
pa
ga
tio
n 
di
sta
nc
e.
 
Th
e 
de
sc
rip
tio
n 
o
f p
ol
ar
iz
ed
 li
gh
t a
s 
a 
v
ec
to
r 
an
d 
th
e
m
at
ric
es
 th
at
 a
cc
o
u
n
t f
or
 li
ne
ar
 d
isp
er
sio
n 
w
ill
 be
 th
e 
su
bje
ct o
f t
hi
s s
ec
tio
n.
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Th
e 
K
er
r 
ef
fe
ct
 is
 t
he
 o
pt
ic
al
 a
n
ist
ro
py
 in
du
ce
d 
in
 a
 m
at
er
ia
l t
hr
ou
gh
 t
he
ap
pl
ic
at
io
n 
o
f a
n
 e
le
ct
ric
 fi
el
d 
(F
), 
in
 th
is 
ca
se
 a
lo
ng
 th
e 
Z 
ax
is.
 L
ig
ht
 li
ne
ar
ly
 po
la
riz
ed
 a
s
sp
ec
ifi
ed
 b
y 
th
e 
po
la
riz
er
 a
x
is,
 P
i, 
pr
op
ag
at
es
 t
hr
ou
gh
 t
he
 a
n
ist
ro
pi
c 
m
ed
iu
m
, a
n
d 
th
e
re
su
lta
nt
 p
ol
ar
iz
at
io
n 
is 
an
al
yz
ed
 b
y 
a 
se
co
n
d 
po
la
riz
er
, 
P2
. 
Th
e 
an
gl
es
 0
 a
n
d 
 
ar
e,
re
sp
ec
tiv
el
y,
 an
gl
es
 b
et
w
ee
n 
th
e 
ap
pl
ie
d f
ie
ld
 an
d 
th
e 
po
la
riz
er
 a
x
es
.
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 c
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 d
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 c
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 m
ed
iu
m
 in
 t
he
 
ap
pl
ie
d 
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ra
n
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f l
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 p
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 c
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 b
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 p
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c f
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(3.
4.1
)
Th
e 
co
ef
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 d
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 f
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Th
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ex
pr
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ig
ht
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 b
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h
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 d
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ip
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o
f 
po
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er
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 b
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 c
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e 
te
rm
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ex
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o
f c
o
n
sid
er
in
g b
ot
h 
bi
re
ffi
ng
en
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an
d 
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ro
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. 
M
at
er
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ls 
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at
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re
 d
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hr
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c 
ar
e 
n
ec
es
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re
fri
ng
en
t. 
Th
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re
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tio
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hi
p
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 w
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 d
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ed
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r f
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te
m
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u
st
 b
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n
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 p
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to
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at
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te
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n
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 b
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 th
e 
n
itr
om
et
ha
ne
 e
x
pe
rim
en
ts,
 th
e 
di
ch
ro
ism
an
d 
bi
re
ffi
ng
re
nc
e 
ar
isi
ng
 f
ro
m
 t
he
 K
er
r 
ef
fe
ct
 w
as
 
le
ss
 t
ha
n 
50
%
 o
f 
th
e 
in
tri
ns
ic
bi
re
ffi
ng
en
ce
 of
 th
e 
se
tu
p.
 F
or
 th
es
e 
sm
al
l K
er
r e
ffe
ct
s, 
Eq
. 
3.
4.
13
) r
ed
uc
es
 to
i0
e -
(41
+4
) 
+
 S
in
2
(T
, 
((B
ba
 + e
 -
) 
2),
 
(3.
4.1
4)
Id
et
 
2 
-
w
ith
 B
.,,
, 
-
-
 
0.
1 E
q.
 3
.4
.1
4) 
re
du
ce
s f
ur
th
er
 to
,
Io
e-
(E
"I+
s",
) 
2 
,
 
2) 
(T
, 
I (
B 
+
Bb
, 
I -
,
')+
(F
l
IM
 
=
 
2 
4 
,
(F
z 
X
 
z 
X
(3.
4.1
5)
Fo
r s
m
a
ll e
z 
-
4 
<
 Bb
,.,
k,
 
th
e 
sig
na
l is
 li
ne
ar
 in
 th
e 
an
al
yt
e b
ire
fii
ng
en
ce
.
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3.
5 
Si
m
pl
e 
K
er
r 
M
od
el
In
 th
e 
sim
pl
es
t a
pp
ro
xi
m
at
io
n 
o
f 
th
e 
K
er
r 
ef
fe
ct
, a
pp
lic
at
io
n 
o
f 
a 
st
at
ic
 e
le
ct
ric
fie
ld
 le
ad
s t
o 
an
 a
llo
w
ed
 tr
an
sit
io
n 
w
ith
 fi
gh
t p
ol
ar
iz
ed
 p
ar
al
le
l t
o 
th
is 
st
at
ic
 fi
el
d.
 I
n 
th
e
sim
pl
e c
as
e 
th
er
e 
is 
n
o
 c
o
rr
es
po
nd
in
g 
tr
an
sit
io
n 
w
ith
 li
gh
t p
ol
ar
iz
ed
 p
er
pe
nd
ic
ul
ar
 to
 t
he
ap
pl
ie
d f
ie
ld
. 
Th
e 
re
su
lti
ng
 b
ire
ffi
ng
en
ce
 an
d 
di
ch
ro
ist
n,
 p
ro
be
d 
w
ith
 li
gh
t p
ol
ar
iz
ed
 a
t 
45
 0
, i
s c
o
n
sid
er
ed
 h
er
e 
as
 a
 fu
nc
tio
n 
o
f f
re
qu
en
cy
- 
Fi
gu
re
 3
3 
iu
str
at
es
 
th
e 
fre
qu
en
cy
de
pe
nd
en
ce
 o
f 
th
e 
re
al
 a
n
d 
im
ag
in
ar
y 
co
m
po
ne
nt
s 
o
f t
he
 p
ol
ar
iz
ab
ili
tie
s 
de
riv
ed
 i
n 
th
e
pr
ev
io
us
 s
ec
tio
n.
 
Co
ns
id
er
at
io
n 
w
l 
fir
st 
be
 g
iv
en
 to
 a
 c
as
e 
w
he
re
 th
e 
co
n
ce
n
tr
at
io
n 
o
f
th
e 
an
al
yt
e,
 in
 c
o
m
bi
na
tio
n w
ith
 th
e 
ap
pl
ie
d 
el
ec
tri
c f
ie
ld
, p
ro
du
ce
s 
an
 a
bs
or
ba
nc
e 
o
f 0
 1
0
al
on
g t
he
 z
 a
is.
 
Fi
gu
re
 3
4 
sh
ow
s t
he
 in
te
ns
ity
 o
f f
ig
ht
 v
er
su
s 
fre
qu
en
cy
 fo
r c
o
n
sid
er
at
io
n
o
f o
n
ly
 li
ne
ar
 d
ic
hr
oi
stn
, o
n
ly
 li
ne
ar
 b
ire
ffi
ng
en
ce
 a
n
d 
fin
al
ly
 bo
th
 p
he
no
m
en
a.
 W
ith
 th
e
m
o
de
st 
ab
so
rp
tio
n 
al
on
g 
th
e 
z-
ax
is,
 th
e 
pr
ed
om
in
an
t e
ffe
ct
 is
 li
ne
ar
 d
ic
hr
oi
sm
. 
H
ow
ev
er
,
th
e 
lin
e 
sh
ap
e 
is 
de
fin
ite
ly
 ch
an
ge
d 
by
 th
e 
co
n
tr
ib
ut
io
n 
fro
m
 b
ire
ffi
ng
en
ce
. 
In
 th
is 
ca
se
,
th
e 
pl
an
e 
o
f 
po
la
riz
at
io
n 
is 
sg
ht
ly
 
ro
ta
te
d 
to
w
ar
ds
 t
he
 X
-a
3d
s 
as
 
th
e 
po
la
riz
at
io
n
co
m
po
ne
nt
 al
on
g 
Z 
is 
ab
so
rb
ed
. 
Th
e 
lig
ht
 is
 o
n
ly
 sg
ht
ly
 
el
ip
tic
al
ly
 p
ol
ar
iz
ed
 u
n
de
r t
he
se
co
n
di
tio
ns
.
Th
e 
sit
ua
tio
n 
ch
an
ge
s a
s 
th
e 
ab
so
rb
an
ce
 a
lo
ng
 th
e 
z-
ax
is 
is 
in
cr
ea
se
d 
to
 1
. 
Fi
gu
re
3.
5 
iu
str
at
es
 
th
e 
pr
ed
om
in
an
ce
 o
f 
th
e 
bi
re
ffi
ng
en
ce
 i
n 
th
is 
ca
se
. 
A
t 
th
is 
le
ve
l 
o
f
ab
so
rb
an
ce
, t
he
 p
la
ne
 o
f p
ol
ar
iz
at
io
n i
s 
st
ill
 be
in
g 
til
te
d 
to
w
ar
ds
 th
e 
X
ax
is.
 
H
ow
ev
er
, t
he
re
su
lti
ng
 b
ire
ffi
ng
en
ce
 
pr
od
uc
es
 e
pt
ic
al
ly
 
po
la
riz
ed
 l
ig
ht
 w
ith
 a
 
la
rg
e 
po
la
riz
at
io
n
pr
oje
cti
on
 on
 t
he
 a
n
al
yz
er
 p
ol
ar
iz
er
.
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A
t f
re
qu
en
ci
es
 w
he
re
 th
e 
ab
so
rb
an
ce
 a
lo
ng
 th
e 
z-
ax
is 
is 
co
m
pl
et
e,
 th
e 
in
te
ns
ity
 o
f
lig
ht
 at
 t
he
 d
et
ec
to
r 
pl
at
ea
us
 a
t 
0.
25
4o
. T
hi
s i
s t
he
 in
te
ns
ity
 o
f l
ig
ht
 th
at
 w
o
u
ld
 h
av
e 
be
en
ex
pe
ct
ed
 if
 th
e 
lig
ht
 w
er
e 
o
rig
in
al
ly
 po
la
riz
ed
 a
lo
ng
 th
e 
X
-a
xi
s. 
Th
e 
bi
re
fli
ng
en
ce
 in
 th
is
ca
se
 e
x
cl
us
iv
el
y a
ffe
ct
s t
he
 p
ol
ar
iz
at
io
n 
co
m
po
ne
nt
 o
rt
ho
go
na
l t
o 
th
e 
X
-a
xi
s, 
so
 t
he
re
 i
s
n
o
 c
ha
ng
e 
in
 th
e 
X
-a
xi
s p
ol
ar
iz
at
io
n.
 F
ig
ur
e 
36
 i
us
tra
te
s 
th
e 
pl
at
ea
u.
 
It 
al
so
 in
di
ca
te
s
th
e 
im
po
rta
nc
e 
o
f 
th
e 
bi
re
ffi
ng
en
ce
 o
f 
al
l m
at
er
ia
ls 
at
 f
re
qu
en
ci
es
 n
ea
r 
th
ei
r 
tr
an
sit
io
n
fre
qu
en
cy
. 
Th
is 
bi
re
ffi
ng
en
ce
 is
 s
ig
ni
fic
an
t a
t f
re
qu
en
ci
es
 fa
r f
ro
m
 th
e 
tr
an
sit
io
ns
 a
n
d 
ha
s
be
en
 p
os
tu
la
te
d 
as
 a
 s
o
u
rc
e 
o
f 
er
-r
o
r in
 p
re
di
ct
in
g 
th
e 
po
la
riz
ab
ili
ty
 o
f m
o
le
cu
le
s 
in
 th
e
v
isi
bl
e o
n
 t
he
 b
as
is 
o
f K
ef
f e
ffe
ct
 m
ea
su
re
m
en
ts
 fo
r m
o
le
cu
le
s w
ith
 s
tr
on
g 
in
fra
re
d 
ba
nd
s.
In
 t
he
 c
as
e 
o
f 
flu
or
of
or
m
, 
th
e 
v
ib
ra
tio
na
l 
co
n
tr
ib
ut
io
n 
to
 
th
e 
v
isi
bl
e 
K
er
r 
ef
fe
ct
 i
s
es
tim
at
ed
 at
 2
5%
 o
f t
he
 o
bs
er
ve
d 
K
er
r 
Si
gn
al
.4
S
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.6
Fm
pe
m
y 
[zn
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15
02
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o
f 
th
e 
po
la
riz
ab
ili
ty
 y
ie
ld
 th
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ex
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Fi
gu
re
 3
3 
Th
e 
re
al
 a
n
d 
im
a 
ftk
ar
y c
o
m
po
ne
nt
s
di
sp
er
sio
n a
n
d 
ab
so
rp
tio
n 
cu
rv
es
.
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Fi
gu
re
 3
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 F
or
 a
n
 a
bs
or
ba
nc
e 
o
f 0
. I
 a
lo
ng
 th
e 
z-
ax
is,
 th
e 
di
ch
ro
ism
 s
ee
m
s 
to
 d
om
in
at
e
th
e 
ef
fe
ct
s l
ea
di
ng
 to
 tr
an
sm
iss
io
n 
o
f 
lig
ht
 th
ro
ug
h 
cr
o
ss
ed
 p
ol
ar
iz
er
s.
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m
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Fi
gu
re
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 T
he
 in
te
ns
ity
 o
f l
ig
ht
 th
ro
ug
h 
th
e 
cr
o
ss
ed
 p
ol
ar
iz
er
s n
ea
r 
a 
tr
an
sit
io
n 
al
on
g 
th
e
z-
aN
is w
ith
 a
n
 a
bs
or
ba
nc
e 
o
f I
 is
 do
m
in
at
ed
 b
y t
he
 b
ire
ffi
ng
en
ce
.
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A
t a
 p
ea
k 
ab
so
rb
an
ce
 o
f 5
, t
he
 in
te
ns
ity
 of
 li
gh
t t
hr
ou
gh
 th
e 
cr
o
ss
ed
 p
ol
ar
iz
er
s
pl
at
ea
us
 n
ea
r 
th
e 
pe
ak
 a
s 
th
e 
z-
co
m
po
ne
nt
 o
f p
ol
ar
iz
at
io
n 
is 
co
m
pl
et
el
y 
ab
so
rb
ed
. 
Th
e
in
te
ns
ity
 o
f l
ig
ht
 a
t f
re
qu
en
ci
es
 ve
ry
 c
lo
se
 t
o 
th
e t
ra
ns
iti
on
 fr
eq
ue
nc
y i
s d
om
in
at
ed
 b
y 
th
e
bi
re
ffi
ng
en
ce
.
R
ef
er
en
ce
s
1 R
-L
. K
ro
ni
g,
 J
 
O
pt
. S
oc
. A
m
er
. 
12
 
19
26
) 5
47
.
2H
.D
. 
K
ra
m
er
s, 
AM
. C
on
gr
. I
nt
. F
is
 2
 
19
27
) 5
45
.
3R
-C
. 
Jo
ne
s, 
J 
O
pt
 S
oc
. A
m
. 3
1 
19
41
) 4
88
.
4D
.M
. 
B
ish
op
, M
ol
. P
hy
s. 
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19
81
) 1
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Ch
ap
te
r 
Fo
ur
K
er
r T
he
or
y
4.
1 
In
tr
od
uc
tio
n
In
 th
e 
pr
ev
io
us
 c
ha
pt
er
, a
 m
o
de
l f
or
 th
e 
K
er
r 
ef
fe
ct
 w
as
 d
ev
el
op
ed
 b
as
ed
 o
n
 t
he
lin
ea
r d
ic
hr
oi
sm
 a
n
d 
bi
re
ffi
ng
en
ce
 ex
hi
bi
te
d b
y 
a 
co
lle
ct
io
n 
o
f p
er
fe
ct
ly
 al
ig
ne
d 
m
o
le
cu
le
s.
B
ec
au
se
 t
he
 e
m
ph
as
is 
w
as
 o
n
 t
he
 r
el
at
io
ns
hi
p 
be
tw
ee
n 
th
e 
tw
o 
ph
en
om
en
a,
 tr
an
sit
io
ns
w
er
e 
ao
w
ed
 
o
n
ly
 fo
r 
lig
ht
 p
ol
ar
iz
ed
 p
ar
al
le
l t
o 
th
e 
ap
pl
ie
d 
fie
ld
. 
In
 t
hi
s 
ch
ap
te
r 
th
e
sim
pl
e o
rie
nt
ed
 tr
an
sit
io
n 
m
o
de
l i
s 
m
o
di
fie
d b
y 
co
n
sid
er
at
io
n 
o
f a
n
 e
n
se
m
bl
e o
f r
an
do
m
ly
o
rie
nt
ed
 m
o
le
cu
le
s 
in
 t
he
 l
ab
or
at
or
y 
fra
m
e 
w
ith
 t
ra
ns
iti
on
s 
ao
w
ed
 
o
n
ly
 a
lo
ng
 t
he
ir
m
o
le
cu
la
r f
ix
ed
 a
x
es
. 
Th
e 
ap
pl
ie
d 
fie
ld
 le
ad
s 
to
 K
er
r 
sig
na
ls 
th
ro
ug
h 
th
e 
ef
fe
ct
 o
n
 t
he
fra
ct
io
na
l 
o
rie
nt
at
io
n 
o
f 
th
e 
m
o
le
cu
le
s 
an
d 
th
ro
ug
h 
th
e 
di
sto
rti
on
 o
f 
th
e 
m
o
le
cu
la
r
po
la
riz
ab
ili
ty
. 
B
ot
h 
ef
fe
ct
s 
o
f 
th
e 
fie
ld
 o
n
 t
he
 o
pt
ic
al
 p
ro
pe
rti
es
 o
f 
th
e 
m
ed
iu
m
 a
re
in
cl
ud
ed
 in
 th
e 
de
riv
at
io
n 
o
f t
he
 K
er
r 
sig
na
l p
re
se
nt
ed
 b
el
ow
.
In
 th
e 
n
ex
t 
se
ct
io
n,
 a
 g
en
er
ic
 e
le
ct
ro
ni
c o
r 
v
ib
ra
tio
na
l t
ra
ns
iti
on
 w
ill
 b
e 
co
n
sid
er
ed
.
Th
e 
de
riv
at
io
n 
o
f t
he
 K
er
r 
sig
na
l w
ill
 fo
llo
w
 th
e 
de
riv
at
io
n 
pu
bl
ish
ed
 by
 A
.D
. B
u 
ha
m
w
ith
 e
x
pl
an
at
io
n 
ad
de
d 
fo
r 
cl
ar
ity
.1
-' 
Th
ro
ug
h 
an
 
ex
pa
ns
io
n 
o
f 
th
e 
di
po
le
 m
o
m
en
t 
in
po
w
er
s 
o
f 
th
e 
st
at
ic
 e
le
ct
ric
 f
ie
ld
, t
he
 m
o
le
cu
la
r 
po
la
riz
ab
ili
ty
 in
 th
e 
ap
pl
ie
d 
fie
ld
 i
s
de
riv
ed
. 
O
nc
e 
a 
m
o
le
cu
le
's 
in
du
ce
d 
di
po
le
 m
o
m
en
t 
ha
s 
be
en
 c
al
cu
la
te
d,
 th
e 
m
o
m
en
t i
s
u
se
d 
to
 c
al
cu
la
te
 it
s 
en
er
gy
 in
 th
e 
fie
ld
. 
Th
e i
nd
iv
id
ua
l p
ol
ar
iz
ab
ili
tie
s a
n
d 
en
er
gy
 ar
e 
th
en
66
u
se
d 
to
 c
al
cu
la
te
 th
e 
m
ea
n
 m
o
le
cu
la
r p
ol
ar
iz
ab
ili
ty
 fo
r t
he
 b
ul
k 
m
ed
iu
m
 v
ia
 a
 B
ol
tz
m
an
n
w
ei
gh
te
d 
av
er
ag
e o
v
er
 a
 
po
ss
ib
le
 o
rie
nt
at
io
ns
 o
f t
he
 m
o
le
cu
le
s.
W
he
n 
re
so
lu
tio
n 
w
ith
in
 a
n
 
el
ec
tro
ni
c 
o
r 
v
ib
ra
tio
na
l 
ba
nd
 i
s 
su
ffi
ci
en
t f
or
 t
he
o
bs
er
va
tio
n 
o
f 
ro
ta
tio
na
l 
st
ru
ct
ur
e,
 t
he
 c
la
ss
ic
al
 B
ol
tz
m
an
n 
w
ei
gh
te
d 
av
er
ag
e 
m
u
st
 b
e
re
pl
ac
ed
 b
y 
a 
qu
an
tu
m
 m
ec
ha
ni
ca
l B
ol
tz
m
an
n 
av
er
ag
e 
o
v
er
 th
e 
di
sc
re
te
 ro
ta
tio
na
l 
st
at
es
.
In
 th
e 
th
ird
 a
n
d 
fo
ur
th
 s
ec
tio
ns
 o
f t
is 
ch
ap
te
r, 
th
e 
ex
pr
es
sio
ns
 fo
r 
th
e 
K
er
r 
ef
fe
ct
 f
or
el
ec
tro
ni
c 
o
r 
v
ib
ra
tio
na
l 
ba
ad
s 
w
ith
 r
o
ta
tio
na
l 
st
ru
ct
ur
e 
ar
e 
fo
rm
ul
at
ed
 f
or
 t
ra
ns
iti
on
s
w
he
re
 th
e 
ho
m
og
en
eo
us
 li
ne
w
id
th
 is
 g
re
at
er
 th
an
 th
e 
St
ar
k 
fre
qu
en
cy
 si
ft 
fo
r a
 tr
an
sit
io
n.
Tr
an
sit
io
ns
 li
ke
 th
e 
1A
2 
11
 A
l (;
r' 
-
n
) 
o
f f
or
m
al
de
hy
de
 c
o
n
sid
er
ed
 in
 th
is 
re
se
ar
ch
o
be
y 
th
es
e 
ex
pr
es
sio
ns
. 
Fo
r 
th
e 
in
fra
re
d 
as
ym
m
et
ric
 N
02
 
sr
et
ch
 
o
f 
n
itr
om
et
hm
e,
ho
w
ev
er
, t
he
 S
ta
rk
 s
ift
s 
ar
e 
m
u
ch
 g
re
at
er
 th
an
 t
he
 h
om
og
en
eo
us
 li
ne
w
id
th
, a
n
d 
so
 t
he
po
la
riz
at
io
n 
o
f 
ea
ch
 A
M
 
tr
an
sit
io
n 
m
u
st
 
be
 c
o
n
sid
er
ed
. 
A
lth
ou
gh
 t
he
 r
es
o
lu
tio
n
co
n
sid
er
ed
 h
er
e 
is 
su
ffi
ci
en
t f
or
 o
bs
er
va
tio
n 
o
f 
th
e 
ro
ta
tio
na
l 
st
ru
ct
ur
e,
 t
he
 r
es
o
lu
tio
n
co
n
sid
er
ed
 is
 n
o
t 
su
ffi
ci
en
tly
 i
gh
 fo
r m
ea
su
re
m
en
t o
f t
he
 S
ta
rk
 s
pl
itt
in
gs
. 
Th
er
ef
or
e,
 th
e
K
er
r 
ef
fe
ct
 ca
lc
ul
at
ed
 fr
om
 ro
ta
tio
na
l a
v
er
ag
in
g 
w
ill
 d
ep
en
d 
o
n
 a
 w
ei
gh
te
d 
av
er
ag
e 
o
v
er
th
e i
nd
iv
id
ua
l M
 s
ta
te
s.
Th
e 
ca
lc
ul
at
io
n 
o
f t
he
 K
er
r 
ef
fe
ct
 a
s 
pr
es
en
te
d 
in
 th
is 
ch
ap
te
r 
di
ffe
rs
 f
ro
m
 th
e
ap
pr
oa
ch
 ta
ke
n 
by
 o
th
er
 a
u
th
or
s 
w
ho
 h
av
e 
al
so
 c
o
n
sid
er
ed
 th
e 
pr
ob
le
m
. 
In
 t
he
 o
th
er
tr
ea
tm
en
ts
, t
he
 fo
cu
s 
fro
m
 th
e 
st
ar
t w
as
 o
n
 th
e 
ca
lc
ul
at
io
n 
o
f t
he
 e
er
gy
 
o
f t
he
 m
o
le
cu
le
s
in
 th
e 
ap
pl
ie
d 
fie
ld
. 
Th
e 
m
o
le
ct
fla
r p
ol
ar
iz
ab
ili
ty
 w
as
 t
he
n 
o
bt
ai
ne
d 
fro
m
 a
n
 e
x
pa
ns
io
n 
o
f
th
e 
en
er
gi
es
 a
s 
po
w
er
s 
o
f t
he
 e
le
ct
ric
 fi
el
d.
 I
n 
th
e 
tr
ea
tm
en
t g
iv
en
 h
er
e,
 th
e 
K
er
r 
ef
fe
ct
 is
de
riv
ed
 st
ar
tin
g 
fro
m
 th
e 
pr
ev
io
us
ly
 sp
ec
ifi
ed
 po
la
riz
ab
ili
ty
. T
he
 e
ffe
ct
 o
f t
he
 s
ta
tic
 fi
el
d i
s
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in
co
rp
or
at
ed
 i
nt
o 
th
e 
ex
pr
es
sio
n 
fo
r 
th
e 
po
la
riz
ab
iR
y 
th
ro
ug
h 
pe
rtu
rb
at
io
ns
 o
f 
th
e
w
av
ef
un
ct
io
ns
 a
n
d 
fre
qu
en
ci
es
. 
A
lth
ou
gh
 th
e 
ap
pr
oa
ch
es
 d
iff
er
 in
 th
ei
r s
ta
rt
in
g p
oi
nt
s, 
th
e
re
su
lts
 a
re
 e
qu
iv
al
en
t. 
Th
e 
ca
lc
ul
at
io
n 
ba
se
d 
o
n
 t
he
 p
ol
ar
iz
ab
ili
ty
, h
ow
ev
er
, p
ro
vi
de
s 
a
di
re
ct
 d
er
iv
at
io
n 
o
f t
he
 o
bs
er
va
bl
es
 fr
om
 li
ne
ar
 ab
so
rp
tio
n.
 
Th
e 
pr
es
en
t d
er
iv
at
io
n 
o
f t
he
K
er
r 
ef
fe
ct
 p
ro
gr
es
se
s 
th
en
 f
ro
m
 s
im
pl
e 
cl
as
sic
al
 id
ea
s 
o
f a
n
 id
ea
lly
 al
ig
ne
d 
tr
an
sit
io
n 
to
in
cl
ud
e 
ra
n
do
m
 
o
rie
nt
at
io
ns
 
o
f 
m
o
le
cu
le
s 
an
d 
th
e 
fie
ld
 i
nd
uc
ed
 d
ist
or
tio
n 
o
f 
its
po
la
riz
ab
ili
ty
.
4.
2 
C
la
ss
ic
al
 O
ri
en
ta
tio
n 
o
f M
ol
ec
ul
es
 in
 a
 S
ta
tic
 E
le
ct
ri
c 
Fi
el
d
Th
e 
ab
so
rp
tio
n 
an
d 
di
sp
er
sio
n m
o
de
le
d 
al
on
g 
th
e 
m
o
le
cu
la
r a
x
es
 in
 
ha
pt
er
 T
hr
ee
co
u
ld
 b
e 
ea
sil
y t
ra
ns
fe
rre
d 
to
 t
he
 sp
ac
ed
 fi
xe
d 
ax
es
 d
et
er
m
in
ed
 by
 th
e 
el
ec
tri
c f
ie
ld
 a
n
d 
th
e
po
la
riz
er
s b
ec
au
se
 th
e 
tw
o 
ai
s 
sy
ste
m
s w
er
e 
eq
ui
va
le
nt
. I
n 
th
is 
se
ct
io
n,
 th
e 
m
o
le
cu
le
s a
re
ra
n
do
m
ly
 o
rie
nt
ed
 s
o
 t
ha
t t
he
 m
ac
ro
sc
o
pi
c 
pr
op
er
tie
s 
o
f d
isp
er
sio
n 
an
d 
ab
so
rp
tio
n 
in
 th
e
sp
ac
e 
fix
ed
 w
ds
 s
ys
te
m
 m
u
st
 b
e 
re
la
te
d 
to
 t
he
 m
ic
ro
sc
op
ic
 p
ro
pe
rti
es
 i
n 
th
e 
m
o
le
cu
la
r
fra
m
e.
 
In
 o
rd
er
 t
o 
co
n
sid
er
 t
he
 m
o
le
cu
la
r 
pr
op
er
tie
s 
in
 t
he
 l
ab
or
at
or
y 
fra
m
e,
 t
he
re
la
tio
ns
hi
ps
 b
et
w
ee
n 
th
e 
m
o
le
cu
la
r a
x
es
 a
n
d 
th
e 
sp
ac
e f
ix
ed
 ax
es
 m
u
st
 b
e 
de
riv
ed
. U
se
 is
m
ad
e 
o
f t
he
 w
el
l k
no
w
n 
di
re
ct
io
n 
co
sin
e m
at
rix
 w
hi
ch
 c
an
 b
e 
u
se
d 
to
 t
ra
ns
fo
rm
 b
et
w
ee
n
th
e 
tw
o 
a3
ds
 sy
ste
m
s. 
Fi
gu
re
 4
1 
ill
us
tra
te
s t
he
 a
s 
sy
ste
m
 th
at
 w
ill
 b
e 
u
se
d 
to
 c
al
cu
la
te
th
e 
K
er
r 
sig
na
l. 
Th
e 
sp
ac
e 
fix
ed
 a
x
es
 d
et
er
m
in
ed
 by
 th
e 
el
ec
tri
c 
fie
ld
 a
n
d 
th
e 
po
la
riz
er
s
ar
e 
X,
 Y
, a
n
d 
Z 
w
ith
 th
e 
fie
ld
 a
pp
lie
d 
pa
ra
lle
l t
o 
Z.
 
Th
e 
m
o
le
cu
la
r a
x
es
 a
re
 x
 
y,
 a
n
d 
z,
w
ith
 th
e 
sy
m
m
et
ry
 a
3d
s o
f t
he
 m
o
le
cu
le
 a
lo
ng
 z
. 
Th
e 
m
o
le
cu
la
r a
x
es
 a
re
 r
el
at
ed
 to
 t
he
68
sp
ac
e 
fix
ed
 a
x
es
 th
ro
ug
h 
th
e 
st
an
da
rd
 E
ul
er
 a
n
gl
es
, 
0,
 
,
 
an
d 
.
Th
e 
an
gl
e 
is 
th
e
an
gl
e 
be
tw
ee
n 
Z 
an
d 
z.
 
Th
e 
an
gl
es
 
an
d 
ac
co
u
n
t 
fo
r 
ro
ta
tio
n 
ab
ou
t 
Z 
an
d 
z,
re
sp
ec
tiv
el
y.
Z
Fi
gu
re
 4
1 
Th
e 
sp
ac
e 
fix
ed
 a
x
es
, 
X
 Y
, 
an
d 
Z,
 d
et
er
m
in
ed
 b
y 
th
e 
ap
pl
ie
d 
fie
ld
, F
, a
re
re
la
te
d 
to
 t
he
 m
o
le
cu
la
r f
ix
ed
 a
x
es
, 
x
 
y,
 a
n
d 
z,
 t
hr
ou
gh
 th
e 
Eu
le
r 
an
gl
es
 6
 
97
, 
an
d 0
.
Th
e 
an
gl
e 
is 
th
e 
an
gl
e 
be
tw
ee
n 
th
e 
ax
es
 Z
 a
n
d 
Z.
 T
he
 a
n
gl
es
 
an
d 
ac
co
u
n
t f
or
ro
ta
tio
n 
ab
ou
t t
he
 Z
 a
n
d 
z 
ax
es
, 
re
sp
ec
tiv
el
y.
W
ith
 t
he
 r
el
at
io
ns
hi
p 
be
tw
ee
n 
th
e 
m
o
le
cu
le
 a
n
d 
th
e 
sp
ac
e 
fix
ed
 a
s 
sy
ste
m
s
es
ta
bl
ish
ed
, 
th
e 
en
er
gy
 o
f 
an
y 
o
rie
nt
at
io
n 
o
f 
a 
m
o
le
cu
le
 i
n 
an
 
el
ec
tri
c 
fie
ld
 i
s 
ca
lc
ul
at
ed
fro
m
 th
e 
pr
oje
cti
on
 o
f 
th
e 
di
po
le
 m
o
m
en
t 
al
on
g 
th
e 
fie
ld
 a
x
es
, 
p 
co
sO
 F
. 
Si
nc
e 
th
e
di
po
le
 m
o
m
en
t c
an
 b
e 
al
te
re
d 
by
 th
e 
ap
pl
ie
d 
fie
ld
, t
he
 d
ip
ol
e 
m
o
m
en
t i
s 
ex
pr
es
se
d 
as
 a
n
ex
pa
ns
io
n i
n 
th
e 
ap
pl
ie
d f
ie
ld
, a
s 
iu
str
at
ed
 
in
 E
q.
 
4.
2.
 1)
.
p 
=
'.
 
+
 aa
Fo
 
+
 fla
,6,
7F
6F
,7+
 
ro
w
 F6
F,
,, ...
.
.
.
(4.
2.1
)
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Th
e 
te
rm
 
u
,,
,' 
is 
th
e 
ze
ro
-fi
el
d 
di
po
le
 m
o
m
en
t, 
w
hi
le
 th
e 
te
rm
s 
a
.,
 
8O
,, 
rg
,,,
 
-
-
ar
e
te
ns
or
s 
w
hi
ch
 a
re
 s
ym
m
et
ric
 in
 th
ei
r 
in
di
ce
s. 
Th
e 
in
di
ce
s 
ar
e 
th
e 
m
o
le
cu
la
r f
ra
m
e 
ax
es
(xy
z).
 
Th
e 
te
rm
s 
fo
llo
w
 t
he
 E
in
ste
in
 s
u
m
m
at
io
n 
co
n
v
en
tio
n 
fo
r 
th
e 
m
o
le
cu
la
r 
ax
es
,
4
w
he
re
 fo
r e
x
am
pl
e ,
a
a
8 
a
,,
,6
 
(4.
2.2
)
a
,,
6=
xy
z
Th
e e
n
er
gy
, t
he
n,
 o
f a
 m
o
le
cu
le
 w
ith
 a
 g
iv
en
 o
rie
nt
at
io
n i
s,
=
 
a
 
Fa
 +
 a
o
 F
a 
F6
 
Aa
fl, 
Fa
 F
6 F
,7
+
 r o
, 
F,
,, F
6 F
, 
y +
 
(4.
2.3
).
Th
e 
en
er
gy
, 
U
, i
s 
n
o
w
 u
se
d 
to
 c
al
cu
la
te
 t
he
 B
ol
tz
m
an
n 
fa
ct
or
 i
n 
th
e 
m
ea
n
 m
o
le
cu
la
r
po
la
riz
ab
ili
ty
.
A
s w
as
 th
e 
ca
se
 in
 C
ha
pt
er
 T
hr
ee
, t
he
 c
ha
ng
e 
in
 th
e 
di
po
le
 m
o
m
en
t c
au
se
d 
by
 th
e
ap
pl
ie
d 
fie
ld
 is
 d
ef
in
ed
 a
s 
th
e 
po
la
riz
ab
ili
ty
, 
11
1.
 B
as
ed
 o
n
 E
q.
 
4.
2.
 1
), 
th
e 
po
la
riz
ab
ili
ty
 i
s
ria
fl 
-
'O
 Pa
 =
 a
a
fl +
,8
*,
7 F
, +
 ro
.,
 F
, 
y 
(4.
2.4
)
,
9 F
,8
70
Th
e 
te
ns
or
s 
a.
, 
80
,,,
 r
o
,,
 
.
.
.
 
ar
e 
re
fe
rre
d 
to
 a
s 
th
e 
po
la
riz
ab
ili
tie
s f
ro
m
 th
is 
po
in
t 
o
n
.
Sp
ec
ifi
ca
lly
, t
he
 te
rm
 a
, 
is 
co
m
m
o
n
ly
 re
fe
rre
d 
to
 a
s 
th
e 
fir
st 
o
rd
er
 p
ol
ar
iz
ab
ili
ty
 w
hi
le
th
e 
hi
gh
er
 o
rd
er
 te
rm
s 
ar
e 
re
fe
rre
d t
o 
as
 h
yp
er
po
la
riz
ab
ili
tie
s.
It 
is 
n
o
w
 c
o
n
v
en
ie
nt
 to
 in
tro
du
ce
 th
e 
di
re
ct
io
n 
co
sin
e m
at
rix
 e
le
m
en
ts,
 k
 
an
d k
a 
a
w
hi
ch
 a
re
 th
e 
pr
oje
cti
on
s o
f t
he
 sp
ac
e 
fix
ed
 a
x
es
 p
ar
al
le
l 
11
) an
d 
pe
rp
en
di
cu
la
r 
I 
to
 th
e
el
ec
tri
c 
fie
ld
 o
n
to
 t
he
 m
o
le
cu
la
r 
fra
m
e 
ax
is 
a 
Eq
ua
tio
n 
4.
2.
4),
 u
po
n 
su
bs
tit
ut
io
n,
be
co
m
es
ri
,,,
6 
=
 a
,6
 +
,8
.ftF
k,,
 +
r,
.,6
, F
'k 
k,'
 
(4.
2.5
)
W
ith
 th
e 
po
la
riz
ab
ili
ty
 de
te
rm
in
ed
 al
on
g 
th
e m
o
le
cu
la
r a
x
es
, 
th
e 
la
bo
ra
to
ry
 p
ol
ar
iz
ab
ili
ty
 is
n
o
w
 c
o
m
pu
te
d,
 o
n
ce
 a
ga
in
, t
hr
ou
gh
 u
se
 o
f t
he
 d
ire
ct
io
n 
co
sin
e m
at
rix
 e
le
m
en
ts.
 B
ec
au
se
o
f 
th
e 
-
m
en
t 
o
f 
th
e 
po
la
riz
er
s 
w
ith
 r
es
pe
ct
 t
o 
th
e 
fie
ld
 i
n 
th
e 
K
er
r 
se
tu
p,
 t
he
po
la
riz
ab
ili
tie
s 
al
on
g 
th
e 
ax
is 
ar
al
le
l 
an
d 
pe
rp
en
di
cu
la
r 
to
 t
he
 f
ie
ld
 w
ill
 b
e 
o
f 
m
o
st
in
te
re
st.
 
Eq
ua
tio
ns
 
42
.6
) 
an
d 
42
.7
) 
de
m
on
str
at
e 
th
e 
re
la
tio
ns
hi
p 
be
tw
ee
n 
th
e
po
la
riz
ab
ili
tie
s 
ge
ne
ra
te
d 
th
ro
ug
h 
Eq
. 
4.
2.
5) 
an
d 
th
e 
po
la
riz
ab
ili
tie
s f
or
 t
he
 s
pa
ce
 f
ix
ed
ai
ds
 s
ys
te
m
:
2Z
 
n
 a,6
 kH
 k 
(4.
2.6
)
ri.
,, 
ri 
k -
k,
-' 
(4.
2.7
)
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Co
ns
id
er
in
g 
o
n
ly
 on
e 
m
o
le
cu
le
 a
n
d 
th
e p
ol
ar
iz
ab
ili
tie
s i
n 
Eq
s. 
4.
2.
6) 
an
d 
4.
2.
7),
 th
e 
K
ef
f
sig
na
l i
s
Id
d 
=
10
 
(T
, +
 e-
"-
- +
 e-
"-
 -
2e
-(C
,"+
Cl
l) 
Co
s(6
" 
-
6D
), 
(4.
2.8
)
2
w
he
re
ez
 -
 
=
 c
o
 R
e (r
I z
z 
-
17
1 x,
, ) Y
 / 
q.
, c 
,
 
(4.
2.9
)
an
d
CZ
"X
 
=
 
co
 IM
(II
 ZZ
 ,a
 ) Y
 / 6
 C
 .
(4.
2.1
0).
Th
e K
er
r 
sig
na
l h
as
 n
o
w
 b
ee
n 
ca
lc
ul
at
ed
 fo
r o
n
e 
m
o
le
cu
le
. 
Th
e 
n
ex
t s
te
p 
is 
to
 c
o
n
sid
er
 a
n
en
se
m
bl
e o
f m
o
le
cu
le
s.
W
ith
 b
ot
h 
th
e 
po
la
riz
ab
ili
ty
 a
n
d 
th
e 
en
er
gy
 c
al
cu
la
te
d 
fo
r 
a 
sin
gl
e 
m
o
le
cu
le
, t
he
B
ol
tz
m
an
n 
w
ei
gh
te
d 
av
er
ag
e 
o
v
er
 
a 
po
ss
ib
le
 o
rie
nt
at
io
ns
 o
f 
th
is 
m
o
le
cu
le
 i
s 
n
o
w
pe
rfo
rm
ed
. 
Si
nc
e t
he
 e
x
pl
os
iv
e 
m
o
le
cu
le
s h
av
e 
a 
su
ffi
ci
en
tly
 de
ns
e m
an
ifo
ld
 o
f r
o
ta
tio
na
l
en
er
gy
 le
ve
ls,
 t
he
 a
v
er
ag
in
g 
w
 
fir
st 
be
 d
on
e 
cl
as
sic
al
ly
 by
 i
nt
eg
ra
tio
n 
o
v
er
 
a 
Eu
le
r
an
gl
es
. 
Eq
ua
tio
ns
 (4
.2.
1l)
-(4
.2.
13
) 
sh
ow
 th
e 
in
te
gr
al
s t
ha
t m
u
st
 b
e 
ev
al
ua
te
d 
to
 c
al
cu
la
te
th
e 
m
ea
n
 m
o
le
cu
la
r p
ol
ar
iz
ab
ili
tie
s i
n t
he
 la
bo
ra
to
ry
 fr
am
e:
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X
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2
f"f
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` s
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 dd
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o
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0
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2 
Ik
 
k-
Lk
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lkT
 
Si
n 
o
do
do
o
j 
6 
a 
6
fo 
0 
0 
"
q6
(k.
n
zz
 
-
n
XX
 
2z
 r2
;r
 x
 
(4.
2.1
3)
e-
U
lk
T 
sin
 0 
dd
q) 
do
fo
 
J"
 
Jo
A
 T
ay
lo
r 
Se
rie
s 
ex
pa
ns
io
n 
in
 th
e 
el
ea
di
c 
fie
ld
 is
 u
se
d 
to
 a
pp
ro
xi
m
at
e 
th
es
e 
in
te
gr
al
s.
Si
nc
e t
he
 p
ol
ar
iz
ab
ili
tie
s I
zz
 
an
d 
n
,,
, 
ar
e 
eq
ua
l i
n 
th
e 
ab
se
nc
e 
o
f a
 fi
el
d,
 th
e 
fir
st 
te
rm
in
 th
e 
Ta
yl
or
 S
er
ie
s e
x
pa
ns
io
n 
o
f E
q.
 4
.2
.1
3) 
th
at
 c
an
 le
ad
 to
 a
 K
ef
f 
sig
na
l t
er
m
 is
 th
e 
F
te
rm
. 
To
 g
en
er
at
e 
th
e 
se
co
n
d 
te
rm
, o
n
e 
n
ee
ds
 th
e 
fir
st 
de
riv
at
iv
es
 o
f t
he
 m
ea
n
 m
o
le
cu
la
r
po
la
riz
ab
ili
tie
s w
ith
 r
es
pe
ct
 t
o 
th
e 
fie
ld
, w
hi
ch
 a
re
 g
iv
en
 in
 E
qs
. 
4.
2.
14
)-(
4.2
.16
) 
In
th
es
e e
x
pr
es
sio
ns
 th
e 
br
ac
ke
ts,
 
)I 
ar
e 
u
se
d 
to
 in
di
ca
te
 in
te
gr
at
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n 
o
v
er
 a
ll 
sp
ac
e.
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 F
 
F=
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q
It 
ca
n
 b
e 
ea
sil
y s
ho
w
n 
th
at
 th
e 
in
te
gr
at
io
ns
 o
v
er
 a
ll 
sp
ac
e 
fo
r t
he
se
 d
er
iv
at
iv
es
 ar
e 
eq
ua
l t
o
ze
ro
 f
or
 a
ll 
th
re
e 
ax
es
. 
Fo
r 
ex
am
pl
e,
 E
q.
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7) 
gi
ve
s 
th
e 
di
re
ct
io
n 
co
sin
e 
fo
r 
th
e
m
o
le
cu
la
r a
x
is 
x
 p
ro
jec
ted
 on
to
 th
e 
fie
ld
 a
x
es
. 
In
se
rti
ng
 k
O
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t c
an
 b
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se
en
by
 in
sp
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H
av
in
g 
de
m
on
str
at
ed
 t
ha
t t
he
 f
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t t
w
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te
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in
 th
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n
tr
ib
ut
e 
n
o
th
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K
ef
f s
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na
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th
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 te
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 is
 c
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te
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fro
m
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se
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n
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iv
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o
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Ca
m
br
id
ge
, M
A
.
3C
. 
al
, A
. H
az
ra
, P
.N
. G
ho
sh
, R
-J
. K
sh
irs
ag
ar
, J
 M
ol
 S
tru
c.
16
5 
19
97
) 4
07
.
4G
.O
. 
So
re
ns
en
, T
. P
ed
er
se
n,
 H
. D
re
iz
le
r, 
A
. G
ua
rn
ie
ri,
 A
.P
. C
ox
, J
 M
oL
 S
tru
c 
97
(19
83
) 7
7.
E.
 T
an
ne
nb
au
m
, R
-J
. M
ye
rs
, W
.D
. G
vi
nn
, J
 C
he
m
. P
hy
s. 
25
 
19
56
) 4
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Ch
ap
te
r 
Si
x
Ex
pe
ri
m
en
ta
l M
ea
su
re
m
en
t o
f t
he
 K
er
r E
ffe
ct
6.
1 
In
tr
od
uc
tio
n
Th
e R
ev
. J
oh
n 
K
er
r 
w
as
 a
bl
e t
o 
m
ea
su
re
 th
e 
el
ec
tri
c f
ie
ld
 in
du
ce
d 
bi
re
fii
ng
en
ce
 fo
r
o
v
er
 
10
0 
su
bs
ta
nc
es
 in
 ju
st 
a 
fe
w
 y
ea
rs
 o
f i
nv
es
tig
at
io
n.
 M
s 
su
cc
es
s 
w
as
 a
ch
ie
ve
d 
as
 a
re
su
lt 
o
f 
a 
de
te
ct
io
n 
ap
pa
ra
tu
s 
th
at
 h
as
 s
u
rv
iv
ed
 to
 th
is 
da
y.
 I
n 
th
is 
ch
ap
te
r, 
th
e 
re
v
isi
on
s
to
 t
he
 c
la
ss
ic
 K
er
r 
m
ea
su
re
m
en
t 
ap
pa
ra
tu
s 
a-
re
 de
sc
rib
ed
. 
Th
e,
 pr
og
re
ss
 t
ha
t 
ha
s 
be
en
m
ad
e 
in
 K
er
r 
ef
fe
ct
 m
ea
su
re
m
en
ts
 is
 u
se
d 
as
 a
 f
ou
nd
at
io
n 
fo
r 
th
e 
de
ve
lo
pm
en
t 
o
f t
he
v
ib
ra
tio
na
l K
er
r 
ef
fe
ct
 fo
r e
x
pl
os
iv
es
 d
et
ec
tio
n.
 I
n 
th
e 
co
u
rs
e 
o
f d
es
cr
ib
in
g 
th
e 
re
v
isi
on
s
to
 t
he
 c
la
ss
ic
 K
er
r 
m
ea
su
re
m
en
t 
an
d 
di
ch
ro
ism
. m
ea
su
re
m
en
t 
se
tu
ps
, m
o
tiv
at
io
ns
 f
or
 th
e
K
er
r 
m
ea
su
re
m
en
t s
ys
te
m
s p
ur
su
ed
 in
 th
is 
re
se
ar
ch
 a
re
 p
ro
vi
de
d.
 T
he
 u
se
 o
f p
ol
ar
iz
at
io
n
m
o
du
la
tio
n 
fo
r 
se
n
sit
iv
ity
 an
d 
se
le
ct
iv
ity
 to
 b
ire
fii
ng
en
ce
 an
d 
lin
ea
r d
ic
hr
oi
sm
em
er
ge
s f
ro
m
 S
ec
tio
ns
 6
2 
an
d 
63
 a
s 
a 
su
cc
es
sf
ul
 m
o
di
fic
at
io
n t
o 
th
e 
cl
as
sic
 K
er
r 
se
tu
p.
In
 S
ec
tio
ns
 6
4 
to
 
68
, 
a 
re
po
rt 
o
n
 
th
e 
at
te
m
pt
ed
 m
ea
su
re
m
en
t 
sc
he
m
es
 b
as
ed
 o
n
po
la
riz
at
io
n 
m
o
du
la
tio
n 
an
d 
th
e 
cl
as
sic
 K
er
r 
sy
ste
m
 a
pp
lie
d 
to
 
th
e 
de
te
ct
io
n 
o
f 
th
e
v
ib
ra
tio
na
l K
er
r 
ef
fe
ct
 is
 g
iv
en
. 
In
 th
e 
en
d,
 b
ec
au
se
 o
f d
iff
ic
ul
tie
s th
at
 a
re
 d
es
cr
ib
ed
 in
 th
e
se
ct
io
ns
 o
n
 p
ol
ar
iz
at
io
n 
m
o
du
la
tio
n,
 th
is 
in
ve
sti
ga
tio
n 
o
f 
v
ib
ra
tio
na
l K
er
r 
sp
ec
tro
sc
op
y
re
tu
rn
ed
 to
 th
e 
cl
as
sic
 K
er
r m
ea
su
re
m
en
t a
pp
ar
at
us
.
95
6.
2 
Pr
ev
io
us
 W
or
k
Ex
pe
ra
ne
nt
al
 s
et
up
s s
pe
ci
fic
al
ly
 de
sig
ne
d f
or
 m
ea
su
re
m
en
t o
f t
he
 K
er
r 
ef
fe
ct
 h
av
e
pr
im
ar
ily
 be
en
 d
es
ig
ne
d 
fo
r t
he
 v
isi
bl
e r
eg
io
n 
o
f t
he
 s
pe
ct
ru
m
. 
Th
e 
re
po
rte
d 
ex
pe
rim
en
ta
l
se
tu
ps
 di
ffe
r o
n
ly
 sl
ig
ht
ly
 fr
om
 th
e 
sim
pl
e s
ys
te
m
 o
f a
 fi
gh
t s
o
u
rc
e,
 tw
o 
cr
o
ss
ed
 p
ol
ar
iz
er
s,
a 
n
ar
ro
w
 g
ap
 tr
an
sv
er
se
 S
ta
rk
 o
r 
K
er
r 
ce
ll,
 a
n
d 
a 
de
te
ct
or
. 
Fo
r 
sp
ec
tra
l i
nf
or
m
at
io
n,
 a
m
o
n
o
ch
ro
m
at
or
 is
 o
fte
n 
ad
de
d.
 F
ig
ur
e 
61
 i
us
tra
te
s 
th
e 
ar
ra
n
ge
m
en
t o
f t
he
 e
le
m
en
ts 
in
th
e 
cl
as
sic
 K
er
r 
m
ea
su
re
m
en
t 
ap
pa
ra
tu
s. 
B
ec
au
se
 th
e 
sig
na
l i
s 
pr
op
or
tio
na
l 
to
 t
he
 li
gh
t
so
u
rc
e 
in
te
ns
ity
, h
ig
h 
po
w
er
 s
o
u
rc
es
 w
ith
 lo
w
 n
o
ise
 c
ha
ra
ct
er
ist
ic
s 
ar
e 
u
su
al
ly
 c
ho
se
n.
Li
gh
t s
o
u
rc
es
 w
hi
ch
 a
re
 w
el
l c
o
lli
m
at
ed
 a
re
 p
re
fe
rre
d 
as
 th
e 
lig
ht
 is
 d
ire
ct
ed
 b
et
w
ee
n 
th
e
n
ar
ro
w
 g
ap
 m
et
al
 S
ta
rk
 p
la
te
s 
w
hi
ch
 d
ep
ol
ar
iz
e t
e,
, 
lig
ht
 o
n
 r
ef
le
ct
io
n.
 
A
t 
ei
th
er
 e
n
d 
o
f
th
e 
K
er
r 
ce
ll,
 th
e 
po
la
riz
er
s 
m
o
st
 c
o
m
m
o
n
ly
 u
se
d 
ar
e 
ex
tin
gu
ish
in
g 
po
la
riz
er
s 
su
ch
 a
s
G
la
n-
Th
om
ps
on
 p
ris
m
 p
ol
ar
iz
er
s, 
w
ith
 t
ra
ns
m
iss
io
n 
le
ss
 th
an
 1
0'6
 
w
he
n 
cr
o
ss
ed
. 
Th
e
ex
tin
gu
ish
in
g 
po
la
riz
er
s 
el
im
in
at
e 
th
e 
pe
rp
en
di
cu
la
r p
ol
ar
iz
at
io
n 
an
d 
ar
e 
pr
ef
er
re
d 
o
v
er
po
la
riz
er
s 
ba
se
d 
o
n
 a
n
gu
la
r s
ep
ar
at
io
n 
o
f t
he
 p
ol
ar
iz
at
io
n 
co
m
po
ne
nt
s. 
K
er
r 
ce
lls
 h
av
e
be
en
 co
n
st
ru
ct
ed
 fo
r s
o
lid
s, 
liq
ui
ds
, a
n
d 
ga
se
s. 
In
 e
ac
h 
de
sig
n,
 co
n
du
ct
in
g 
m
et
al
 p
la
te
s 
ar
e
u
se
d 
to
 a
pp
ly
 th
e 
fie
ld
 
th
e 
sa
m
pl
e.
 K
er
r 
ce
lls
 fo
r t
he
 c
o
n
de
ns
ed
 p
ha
se
 h
av
e 
sh
or
t p
at
h
le
ng
th
s (
<2
cm
), 
w
hi
le
 g
as
 p
ha
se
 c
el
ls 
ha
ve
 b
ee
n 
bu
ilt
 w
ith
 p
at
h 
le
ng
th
s 
be
tw
ee
n 
o
n
e 
an
d
tw
o 
m
et
er
s.
 
Fi
na
lly
, 
ig
h 
se
n
sit
iv
ity
 d
et
ec
to
rs
 a
re
 c
ho
se
n 
fo
r 
th
e 
K
er
r 
ap
pa
ra
tu
s. 
Th
e
re
po
rte
d 
K
er
r m
ea
su
re
m
en
t s
ys
te
m
s d
iff
er
 o
n
ly
 in
 o
n
e 
o
r 
tw
o 
co
m
po
ne
nt
s f
ro
m
 th
e 
sy
ste
m
o
u
tli
ne
d h
er
e.
96
H
ig
h V
ol
ta
ge
Po
w
er
 S
up
pl
y
K
er
r 
C
el
l W
IR
R
IM
lis
se
ss
la
ss
ug
m
 
Pr
oc
=4
H
ig
h 
po
w
er
 
Po
la
riz
er
 
G
ro
un
d 
A
na
ly
ze
r 
D
et
ec
to
r
Li
gh
t S
ou
rc
e 
Po
la
riz
er
Fi
gu
re
 6
1 
C
la
ss
ic
 K
er
r 
Ef
fe
ct
 A
pp
ar
at
us
. 
Th
e 
cl
as
sic
 K
er
r 
m
ea
su
re
m
en
t 
sc
he
m
e 
is
ba
se
d 
o
n
 a
 
ig
h 
po
w
er
 l
ig
ht
 s
o
u
rc
e,
 c
ro
ss
ed
 p
ol
ar
iz
er
s 
a 
St
ar
k 
o
r 
K
er
r 
ce
ll 
a 
de
te
ct
or
,
an
d 
sig
na
,",
,)r
oc
ess
ing
 ele
ct
ro
ni
cs
. 
W
he
n 
sp
ec
tia
l i
nf
or
m
at
io
n i
s 
re
co
rd
ed
, a
 s
pe
ct
ro
m
et
er
is 
ad
de
d 
to
 t
he
 s
et
up
. 
In
 th
e 
ea
rli
er
 e
x
pe
rim
en
ts 
in
 th
is 
fie
ld
, p
ho
to
gr
ap
hi
c 
pl
at
es
 w
er
e
u
se
d 
as
 d
te
ct
or
s.
M
od
ifi
ca
tio
ns
 a
n
d 
ad
di
tio
ns
 t
o 
th
e 
cl
as
sic
 K
ef
f 
se
tu
p 
ar
e 
m
ad
e 
to
 d
im
in
ish
 th
e
pr
ob
le
m
s 
o
f 
ba
ck
gr
ou
nd
 b
ire
ffi
ng
en
ce
, a
n
d 
lin
ea
r 
di
ch
ro
ism
 n
o
t 
as
so
ci
at
ed
 w
ith
 t
he
an
al
yt
e.
 I
n 
o
rd
er
 to
 s
ep
ar
at
e 
th
e 
de
sir
ed
 K
er
r 
ef
fe
ct
 fr
om
 th
e 
ba
ck
gr
ou
nd
 i
nt
er
fe
re
nc
es
,
th
e 
el
ec
tri
c f
ie
ld
 in
 th
e 
St
ar
k 
ce
ll 
is 
o
fte
n 
m
o
du
la
te
d.
 W
ith
 p
ha
se
 s
en
sit
iv
e 
de
m
od
ul
at
io
n
te
ch
ni
qu
es
, t
he
 d
em
od
ul
at
ed
 s
ig
na
l 
o
n
 
th
e 
de
te
ct
or
 i
s 
in
se
ns
iti
ve
 to
 t
he
 u
n
m
o
du
la
te
d
ba
ck
gr
ou
nd
 p
he
no
m
en
a,
 a
n
d 
th
er
e 
ca
n
 b
e 
an
 e
n
ha
nc
em
en
t i
n 
th
e 
sig
na
l t
o 
n
o
ise
. 
Th
e
ex
tr
in
sic
 
bi
re
ffi
ng
en
ce
 
an
d 
lin
ea
r 
di
ch
ro
ism
 
in
te
rfe
re
nc
es
 
ca
n
 
al
so
 b
e 
el
im
in
at
ed
 
by
 a
bi
re
ffi
ng
en
t c
o
m
pe
ns
at
or
 p
la
ce
d 
be
tw
ee
n 
th
e 
cr
o
ss
ed
 p
ol
ar
iz
er
s. 
B
ec
au
se
 th
e 
K
er
r 
ef
fe
ct
is 
so
 w
el
l c
ha
ra
ct
er
iz
ed
 fo
r 
itr
ob
en
ze
ne
 a
n
d 
ca
rb
on
 d
isu
lfi
de
, th
e 
co
m
pe
ns
at
or
 is
 o
fte
n 
a
liq
ui
d 
K
er
r 
ce
ll 
ba
se
d 
o
n
 t
he
se
 c
o
m
po
un
ds
. 
Th
e 
el
ec
tri
c 
fie
ld
 in
 th
e 
ce
ll 
is 
ad
jus
ted
 to
m
in
im
i 
e 
th
e 
ba
ck
gr
ou
nd
 s
ig
na
l. 
Th
e 
v
o
lta
ge
 a
pp
lie
d 
to
 t
he
 c
o
m
pe
ns
at
or
 K
er
r 
ce
ll 
ca
n
97
al
so
 b
e 
m
o
du
la
te
d.
 
N
ot
 o
n
ly
 d
o 
th
e 
m
o
du
la
te
d 
co
m
pe
ns
at
or
s 
el
im
in
at
e 
th
e 
u
n
w
an
te
d
bi
re
ffi
ng
en
ce
, b
ut
 th
e 
m
o
du
la
tio
n 
en
ab
le
s 
th
e 
se
pa
ra
te
 re
co
rd
in
g 
o
f l
in
ea
r d
ic
hr
oi
sm
 a
n
d
bi
re
ffi
ng
en
ce
 s
pe
ct
ra
. 
Th
e 
se
pa
ra
tio
n 
o
f 
th
es
e 
ph
en
om
en
a 
w
ill
 b
e 
de
m
on
str
at
ed
 i
n 
th
e
n
ex
t s
ec
tio
n 
o
n
 th
e 
ph
ot
oe
la
sti
c 
m
o
du
la
to
r.
W
ith
 t
he
 u
n
w
an
te
d 
ba
ck
gr
ou
nd
 s
ig
na
ls 
m
in
im
i e
d,
 it
 i
s 
po
ss
ib
le
 to
 m
ea
su
re
 t
he
K
er
r e
ffe
ct
 ac
cu
ra
te
ly
. 
B
ef
or
e t
he
 m
ag
ni
tu
de
 o
f t
he
 e
ffe
ct
 ca
n
 b
e 
ac
cu
ra
te
ly
 m
ea
su
re
d,
 th
e
K
er
r 
se
tu
p 
m
st
 
be
 c
al
ib
ra
te
d.
 F
or
 t
he
 r
ep
or
te
d 
v
isi
bl
e w
av
el
en
gt
h 
m
ea
su
re
m
en
ts
, 
th
e
ph
en
om
en
on
 m
o
st
 r
es
po
ns
ib
le
 f
or
 t
he
 t
ra
ns
m
iss
io
n 
th
ro
ug
h 
th
e 
cr
o
ss
ed
 p
ol
ar
iz
er
s 
is
bi
re
ffi
ng
en
ce
. 
Th
er
ef
or
e,
 c
al
ib
ra
tio
n 
o
f 
th
e 
v
isi
bl
e 
sy
ste
m
s 
w
as
 
pe
rfo
rm
ed
 w
ith
 w
el
l
ch
ar
ac
te
riz
ed
 b
ire
ffi
ng
en
t 
m
at
er
ia
ls 
Fo
r 
ex
am
pl
e,
 th
e 
liq
ui
d 
K
er
r 
ce
ll 
co
m
pe
ns
at
or
s
m
en
tio
ne
d 
ab
ov
e 
ca
n
 
be
 u
se
d 
fo
r 
ca
lib
ra
tio
n.
 
A
dd
iti
on
al
ly
, B
ab
in
et
-S
ol
ei
l a
dju
sta
ble
w
av
ep
la
te
s 
ha
ve
 b
ee
n 
u
se
d 
to
 d
et
er
m
in
e 
th
e 
re
sp
on
se
 o
f 
th
e 
K
er
r 
se
tu
p 
to
 a
 
kn
ow
n
bi
re
ffi
ng
en
ce
. 
O
nc
e t
he
 r
es
po
ns
e 
ha
s 
be
en
 c
al
ib
ra
te
d,
 it
 is
 im
po
rta
nt
 to
 c
ha
ra
ct
er
iz
e 
fif
fly
th
e 
K
er
r 
ce
ll.
 
Th
e 
St
ar
k 
pl
at
e 
le
ng
th
 a
n
d 
se
pa
ra
tio
n 
m
u
st
 a
lso
 b
e 
ac
cu
ra
te
ly
 k
no
w
n.
 I
f
gr
ea
t 
ca
re
 
is 
ta
ke
n 
in
 c
al
ib
ra
tio
n 
an
d 
in
 e
lim
in
at
io
n 
o
f 
th
e 
ba
ck
gr
ou
nd
 p
he
no
m
en
a,
se
n
sit
iv
ity
 to
 K
er
r 
di
sp
er
sio
n a
n
gl
es
 o
f 
10
-9
 ra
di
an
s (
(ez
 -
6),
 
o
fte
n 
ca
lle
d 
th
e 
di
sp
er
sio
n
an
gl
e) 
w
ith
 a
bs
ol
ut
e 
ac
cu
ra
cy
 n
ea
r 
0 
I 
ha
s 
be
en
 r
ep
or
te
d 
fo
r 
a 
fe
w
 m
W
 o
f 
v
isi
bl
e
lig
ht
 12
A
s 
m
en
tio
ne
d 
in
 th
e 
in
tro
du
ct
io
n,
 th
is 
re
se
ar
ch
 w
as
 d
ire
ct
ed
 a
t a
ch
ie
ve
m
en
t o
f t
he
sa
m
e 
se
n
sit
iv
ity
 an
d 
ac
cu
ra
cy
 as
 S
he
lto
n's
 a
pp
ar
at
us
 a
pp
lie
d t
o 
th
e 
bi
re
ffi
ng
en
ce
 of
 H
 
at
63
2.
8 
n
m
, 
in
 th
e 
in
fra
re
d 
n
ea
r 
th
e 
sy
m
m
et
ric
 a
n
d 
as
ym
m
et
ric
 N0
2 
st
re
tc
h 
ba
nd
s 
o
f t
he
ex
pl
os
iv
es
. 1,
2 
Th
is 
re
se
ar
ch
 is
 th
e 
fir
st 
re
po
rte
d 
m
ea
su
re
m
en
t o
f t
he
 in
fra
re
d K
er
r 
ef
fe
ct
 in
98
th
e 
ga
s p
ha
se
. 
In
 fa
ct
, o
n
ly
 o
n
e 
K
er
r m
ea
su
re
m
en
t h
as
 b
ee
n 
re
po
rte
d 
in
 th
e 
in
fra
re
d.
 T
he
K
er
r 
sp
ec
tru
m
 o
f l
iq
ui
d 
n
itr
ob
en
ze
ne
 in
 th
e 
2-
5 
pm
 re
gi
on
) c
o
v
er
in
g i
ts 
o
v
er
to
ne
 b
an
ds
3
ha
s b
ee
n 
re
po
rte
d.
 
A
lth
ou
gh
 o
n
ly
 o
n
e 
o
th
er
 K
er
r 
m
ea
su
re
m
en
t h
as
 b
ee
n 
re
po
rte
d 
in
 th
e
in
fra
re
d,
 m
an
y 
in
ve
sti
ga
to
rs
 h
av
e 
ex
am
in
ed
 in
fra
re
d 
o
pt
ic
al
 a
ct
iv
ity
. 
In
fra
re
d 
o
pt
ic
al
ac
tiv
ity
 m
ea
su
re
m
en
t 
sy
ste
m
s 
ha
ve
 b
ee
n 
de
ve
lo
pe
d 
fo
r 
m
ag
ne
tic
 v
ib
ra
tio
na
l 
ci
rc
ul
ar
di
ch
ro
ism
, (M
CV
D)
 an
d 
v
ib
ra
tio
na
l c
irc
ul
ar
 d
ic
hr
oi
sm
 V
CD
) b
as
ed
 o
n
 F
ou
rie
r T
ra
ns
fo
rm
sp
ec
tro
m
et
er
s 
TS
) c
o
u
pl
ed
 w
ith
 p
ol
ar
iz
at
io
n 
m
o
du
la
tio
n.
4"
 T
w
o 
ap
pr
oa
ch
es
 h
av
e 
be
en
de
ve
lo
pe
d 
fo
r 
th
e 
co
m
bi
na
tio
n 
o
f 
FT
S 
w
ith
 p
ol
ar
iz
at
io
n 
m
o
du
la
tio
n.
 
In
 t
he
 
FT
S
co
m
bi
ne
d 
w
ith
 a
 p
ho
to
el
as
tic
 m
o
du
la
to
r 
de
sig
n 
TS
-P
EN
4),
 sh
ow
n 
in
 F
ig
. 6
2,
 t
he
 l
ig
ht
fro
m
 th
e 
in
te
rfe
ro
m
et
er
 is
 fi
rs
t p
ol
ar
iz
es
,.,
 N
ex
t, 
th
e 
po
la
riz
at
io
n 
o
f t
hi
s l
ig
ht
 is
 m
o
du
la
te
d
,
v
ith
 a 
ph
ot
oe
la
sti
c 
m
o
du
la
to
r. 
U
nl
ik
e t
he
 c
la
ss
ic
 K
er
r 
m
ea
su
re
m
en
t a
pp
ar
at
us
, t
he
re
 i
s n
o
se
co
n
d 
an
al
yz
er
 p
ol
ar
iz
er
 i
n 
th
e 
FT
S-
PE
M
 s
et
up
 f
or
 o
pt
ic
al
 a
ct
iv
ity
. 
In
st
ea
d,
 th
e 
lig
ht
sim
pl
y 
pa
ss
es
 f
ro
m
 th
e 
sa
m
pl
e 
to
 t
he
 d
et
ec
to
r. 
Th
e 
lig
ht
 o
n
 t
he
 d
et
ec
to
r 
is 
m
o
du
la
te
d
be
tw
ee
n 
rig
ht
 a
n
d 
le
ft 
ci
rc
ul
ar
 p
ol
ar
iz
at
io
n 
by
 th
e 
PE
M
. 
If 
th
e 
sig
na
l o
n
 t
he
 d
et
ec
to
r 
is
de
m
od
ul
at
ed
, t
he
 s
ig
na
l i
s p
ro
po
rti
on
al
 to
 t
he
 d
iff
er
en
ce
 in
 th
e 
sa
m
pl
e a
bs
or
pt
io
n 
o
f t
he
ci
rc
ul
ar
 c
o
m
po
ne
nt
s. 
Th
e 
de
m
od
ul
at
ed
 s
ig
na
l i
s 
th
e 
in
te
rfe
ro
gr
am
 c
o
rr
es
po
nd
in
g 
to
 t
he
di
ffe
re
nt
ia
l a
bs
or
pt
io
n 
po
w
er
 s
pe
ct
ru
m
 o
f t
he
 sa
m
pl
e.
99
FT
 S
pe
ct
ro
m
et
er
a
n
d L
ig
ht
 So
ur
ce
P E M
 
O
pt
ic
al
ly
 A
ct
iv
e S
am
pl
e 
Fa
st
 F
ou
rie
r
Tr
an
sf
ro
m
 Pr
oc
es
sin
g
Po
la
riz
er
 
D
et
ec
to
r
Fi
gu
re
 6
2 
FT
-P
EM
 I
nf
ra
re
d 
O
pt
ic
al
 A
ct
iv
ity
. 
Se
ve
ra
l 
in
ve
sti
ga
to
rs
 h
av
e 
bu
ilt
in
fra
re
d 
o
pt
ic
al
 
ac
tiv
ity
 m
ea
su
re
m
en
t 
ap
pa
ra
tu
se
s 
ba
se
d 
o
n
 
am
pl
itu
de
 m
o
du
la
tio
n
pr
od
uc
ed
 
w
ith
 a
 
N
ch
el
so
n 
in
te
rfe
ro
m
et
er
 
co
m
bi
ne
d 
w
ith
 
po
la
riz
at
io
n 
m
o
du
la
tio
n
pr
od
uc
ed
 w
ith
 th
e 
PE
N
I. 
Th
e 
du
al
 m
o
du
la
tio
n 
sc
he
m
e 
is 
re
po
rte
d 
to
 b
e 
se
n
sit
iv
e 
to
 1
0-
6
di
ffe
re
nt
ia
l 
ci
rc
ul
ar
 a
bs
or
ba
nc
e.
In
 th
e 
FT
S-
PE
M
 d
es
ig
n,
 th
e 
am
pl
itu
de
 a
n
d 
po
la
riz
at
io
n 
m
o
du
la
tio
ns
 o
f t
he
 li
gh
t
ar
e 
pe
rfo
rm
ed
 s
ep
ar
at
el
y.
 T
he
 p
ol
ar
iz
at
io
n 
an
d 
am
pl
itu
de
 m
o
du
la
tio
ns
, h
ow
ev
er
, c
an
 b
e
ef
fe
ct
ed
 s
im
ul
ta
ne
ou
sly
 w
ith
 a
 
po
la
riz
at
io
n 
di
vi
sio
n 
in
te
rfe
ro
m
et
er
 
M
). 
Fi
gu
re
 6
3
ill
us
tra
te
s t
he
 c
o
n
st
ru
ct
io
n 
o
f t
he
 P
D
I 
in
te
rfe
ro
m
et
er
. 
In
 th
e 
PD
I, 
th
e 
n
o
rm
al
 b
ea
rn
sp
lit
te
r
in
 t
he
 F
T 
in
te
rfe
ro
m
et
er
 i
s 
re
pl
ac
ed
 b
y 
a 
po
la
riz
in
g 
be
am
sp
lit
te
r. 
Th
is 
be
ar
ns
pl
itt
er
tr
an
sm
its
 o
n
e 
po
la
riz
at
io
n 
w
hi
ch
 is
 re
fle
ct
ed
 f
ro
m
 th
e 
fix
ed
 m
irr
or
, 
w
hi
le
 it
 r
ef
le
ct
s 
th
e
o
rt
ho
go
na
l p
ol
ar
iz
at
io
n w
hi
ch
 is
 re
fle
ct
ed
 fr
om
 th
e 
m
o
v
in
g 
m
irr
or
. 
In
 o
rd
er
 th
at
 th
e 
lig
ht
in
 e
ac
h 
o
f 
th
e 
ar
m
s 
o
f t
he
 i
nt
er
fe
ro
m
et
er
 c
an
 b
e 
re
tr
an
sm
itt
ed
 b
y 
th
e 
be
am
sp
lit
te
r, 
th
e
po
la
riz
at
io
n 
o
f t
he
 li
gh
t i
n 
ea
ch
 a
rm
 m
u
st
 b
e 
pe
se
rv
ed
. 
Th
e 
po
la
riz
at
io
n 
is 
pr
es
er
ve
d 
w
ith
th
e 
u
se
 
o
f 
rig
ht
 a
n
gl
e 
m
irr
or
s. 
B
ec
au
se
 t
he
 i
nt
er
fe
re
nc
e,
 a
n
d 
th
us
 t
he
 s
ig
na
l, 
at
 t
he
be
ar
ns
pl
itt
er
 is
 
w
he
n 
th
e 
in
te
ns
ity
 in
 b
ot
h 
ar
m
s 
is 
ba
la
nc
ed
, t
he
 li
gh
t s
o
u
rc
e 
is
po
la
riz
ed
 so
 th
at
 th
er
e 
ar
e 
eq
ua
l p
ol
ar
iz
at
io
n 
co
m
po
ne
nt
s f
or
 th
e 
tr
an
sm
itt
ed
 a
n
d 
re
fle
ct
ed
po
la
riz
at
io
n 
ax
es
 o
f t
he
 b
ea
rn
sp
lit
te
r. 
U
po
n 
re
co
m
bi
na
tio
n 
at
 th
e 
be
ar
ns
pl
itt
er
, t
he
 li
gh
t i
s
bo
th
 a
m
pl
itu
de
 m
o
du
la
te
d 
an
d 
po
la
riz
at
io
n 
m
o
du
la
te
d 
as
 a
 fu
nc
tio
n 
o
f t
he
 m
irr
or
 d
ist
an
ce
.
10
0
Th
e 
ad
va
nt
ag
es
 o
f t
he
 P
D
I a
re
 tw
ic
e 
th
e 
ef
fic
ie
nc
y o
f t
he
 F
TS
-P
EM
 m
ea
su
re
m
en
t s
ch
em
e
6
an
d 
br
oa
de
r 
sp
ec
tra
l c
o
v
er
ag
e t
ha
n 
is 
ty
pi
ca
l f
or
 a
 P
EM
.
I
R
ig
M
A
ng
le
M
ov
in
g M
im
R
i&
A
W
e
H
xe
d M
im
cr
Fi
gu
re
 6
3 
Po
la
ri
za
tio
n 
D
iv
isi
on
 I
nt
er
fe
ro
m
et
er
 
In
 t
he
 P
D
I, 
th
e 
be
am
sp
lit
te
r 
is
re
pl
ac
ed
 b
y 
a 
po
la
riz
in
g 
be
am
sp
lit
te
r. 
Th
e l
ig
ht
 so
u
rc
e 
is 
po
la
riz
ed
 w
ith
 e
qu
al
 c
o
m
po
ne
nt
s
o
f t
he
 b
ea
m
sp
lit
te
r p
ol
ar
iz
at
io
ns
. 
R
ig
ht
 a
n
gl
e 
m
irr
or
s 
ar
e 
u
se
d 
in
ste
ad
 o
f f
la
t m
irr
or
s 
to
pr
es
er
ve
 t
he
 p
ol
ar
iz
at
io
n 
o
f 
th
e 
lig
ht
. 
Th
e 
lig
ht
 
x
iti
ng
 t
he
 i
nt
er
fe
ro
m
et
er
 i
s 
bo
th
po
la
riz
at
io
n 
an
d 
am
pl
itu
de
 m
o
du
la
te
d 
as
 a
 fu
nc
tio
n 
o
f m
irr
or
 se
pa
ra
tio
n.
A
lth
ou
gh
 a
 d
ic
hr
oi
sm
 se
n
sit
iv
ity
 lim
it 
ha
s 
n
o
t 
be
en
 re
po
rte
d 
fo
r 
ei
th
er
 th
e 
PD
I 
o
r
th
e 
FT
S-
PE
M
 s
ys
te
m
, a
 r
ev
ie
w
 o
f t
he
 l
ite
ra
tu
re
 s
u
gg
es
ts 
th
at
 a
bs
or
ba
nc
e 
di
ffe
re
nc
es
 o
f
10
-6
ca
n b
e 
m
ea
su
re
d .
7-
1 ' 
Th
is 
ci
rc
ul
ar
 d
ic
hr
oi
sm
 a
bs
or
ba
nc
e 
di
ffe
re
nc
e 
co
rr
es
po
nd
s t
o 
a
K
er
r 
tr
an
sm
iss
io
n 
o
f 1
0-
6.
 T
hi
s i
s t
hr
ee
 o
rd
er
s 
o
f m
ag
ni
tu
de
 le
ss
 s
en
sit
iv
e t
ha
n 
th
e 
v
isi
bl
e
m
ea
su
re
m
en
ts
 a
lre
ad
y 
m
en
tio
ne
d.
 O
ne
 g
oa
l o
f t
hi
s 
re
se
ar
ch
 w
as
 t
o 
im
pr
ov
e 
o
n
 t
he
 F
TS
-
PE
M
 s
ys
te
m
 s
en
sit
iv
ity
 w
hi
le
 c
ha
ra
ct
er
iz
in
g 
th
e 
K
er
r 
ef
fe
ct
 fo
r e
x
pl
os
iv
es
. 
Fo
r 
re
as
o
n
s
ex
pl
or
ed
 l
at
er
, 
n
o
 
im
pr
ov
em
en
ts 
w
er
e 
po
ss
ib
le
 b
ec
au
se
 t
he
 
PE
M
 
u
se
d 
in
 
th
es
e
ex
pe
rim
en
ts 
co
n
tin
ua
lly
 m
al
fu
nc
tio
ne
d.
10
1
A
 k
ey
 to
 t
hi
s 
re
se
ar
ch
 o
n
 te
ch
ni
qu
es
 fo
r m
ea
su
re
m
en
t o
f t
he
 K
er
r 
ef
fe
ct
 h
as
 b
ee
n
th
e 
in
ve
sti
ga
tio
n 
o
f t
he
 a
pp
lic
at
io
n 
o
f 
th
e 
FT
S-
PE
M
 s
ys
te
m
 to
 t
he
 p
ro
bl
em
s 
o
f 
lin
ea
r
di
ch
ro
ism
 an
d 
bi
re
ffi
ng
en
ce
. 
Th
e k
ey
 e
le
m
en
t i
n 
an
 o
pt
ic
al
 ac
tiv
ity
 a
pp
ar
at
us
 is
 th
e 
PE
M
.
Th
e 
ad
di
tio
n 
o
f t
he
 P
EM
 to
 t
he
 c
la
ss
ic
 K
er
r m
ea
su
re
m
en
t 
ap
pa
ra
tu
s p
er
m
its
 s
ep
ar
at
io
n 
o
f
th
e 
lin
ea
r d
ic
hr
oi
sm
 an
d 
bi
re
ffi
ng
en
ce
 co
m
po
ne
nt
s 
o
f t
he
 K
er
r 
sig
na
l. 
Th
e 
PE
M
 c
an
 a
lso
im
pr
ov
e 
se
n
sit
iv
ity
 to
 t
he
 K
er
r 
ef
fe
ct
. 
B
ot
h 
lin
ea
r d
ic
hr
oi
sm
 a
n
d 
lin
ea
r b
ire
ffi
ng
en
ce
 o
f a
K
er
r 
m
ea
su
re
m
en
t b
as
ed
 o
n
 p
ol
ar
iz
at
io
n 
m
o
du
la
tio
n 
ar
e 
ex
pl
or
ed
 th
ro
ug
h 
th
e 
de
riv
at
io
n
o
f t
he
 si
gn
al
 fr
om
 th
e 
PE
M
 b
as
ed
 s
ys
te
m
.
Th
e 
PE
M
 is
 a
 p
ol
ar
iz
at
io
n 
m
o
du
la
to
r b
as
ed
 o
n
 th
e 
co
m
pr
es
sio
n 
o
f a
 c
ry
sta
l. 
Th
e
cr
ys
ta
l 
in
 t
he
 
PE
M
 
is 
co
m
pr
es
se
d 
al
on
g 
o
rt
ho
go
na
l 
ax
es
, 
w
ith
 t
he
 
pe
rp
en
di
cu
la
r
m
o
du
la
tio
ns
 
(18
0')
 o
u
t 
o
f 
ph
as
e 
w
ith
 e
ac
h 
o
th
er
. 
Th
e 
co
m
pr
es
sio
n 
o
f 
th
e 
cr
ys
ta
l
m
ak
es
 t
he
 P
EM
 b
ire
ffi
ng
en
t 
so
 
th
at
 a
s 
lo
ng
 a
s 
tw
o 
ax
es
 
o
f 
th
e 
PE
M
 a
lo
ng
 w
hi
ch
bi
re
fir
in
ge
nc
e is
 m
o
du
la
te
d 
ar
e 
n
o
t p
ar
al
le
l t
o 
th
e 
in
iti
al
 po
la
riz
at
io
n,
 th
e 
po
la
riz
at
io
n 
o
f t
he
lig
ht
 is
 m
o
du
la
te
d.
 F
ig
ur
e 
64
 i
llu
str
at
es
 th
e 
ar
ra
n
ge
m
en
t b
et
w
ee
n 
th
e 
po
la
riz
er
s 
an
d 
th
e
PE
M
 i
n 
th
e 
PE
M
 b
as
ed
 K
er
r 
m
ea
su
re
m
en
t 
se
tu
p.
 
Th
e 
PE
M
 i
s 
in
co
rp
or
at
ed
 i
nt
o 
th
e
cl
as
sic
 K
er
r 
ap
pa
ra
tu
s 
w
ith
 th
e 
tw
o 
co
m
pr
es
sio
n 
ax
es
 o
f t
he
 P
EM
 a
lig
ne
d 
at
 ±
5 
w
ith
re
sp
ec
t 
to
 t
he
 f
irs
t p
ol
ar
iz
er
's 
po
la
riz
at
io
n 
as
. 
A
s 
w
as
 s
ho
w
n 
in
 C
ha
pt
er
 T
hr
ee
, t
hi
s
al
ig
nm
en
t 
o
f 
th
e 
PE
M
's 
bi
re
ffi
ng
en
ce
 r
es
u
lts
 
in
 t
he
 m
ax
im
um
 m
o
du
la
tio
n 
o
f 
th
e
po
la
riz
at
io
n.
10
2
6.
3 P
ho
to
el
as
tic
 M
od
ul
at
or
PE
M
 .
F
X 'E
M
pr
es
sio
n
V
;Q
 Y
Fi
gu
re
 6
4 
PE
M
 A
rr
an
ge
m
en
t 
Th
e P
EM
 c
an
 b
e i
ns
er
te
d 
an
yw
he
re
 b
et
w
ee
n 
th
e 
cr
o
ss
ed
po
la
riz
er
s. 
Th
e 
bi
re
ffi
ng
en
t c
o
m
pr
es
sio
n 
ax
es
 a
re
 a
lig
ne
d w
ith
 th
e 
bi
re
ffi
ng
en
t a
x
es
 o
f t
he
sa
m
pl
e w
hi
ch
 ar
e 
es
ta
bl
ish
ed
 by
 th
e 
fie
ld
, F
.
A
s i
n 
Ch
ap
te
r T
hr
ee
, t
he
 Jo
ne
s M
at
rix
 c
o
n
v
en
tio
n i
s u
se
d 
to
 c
al
cu
la
te
 th
e 
ef
fe
ct
 o
n
th
e 
de
te
ct
ed
 s
ig
na
l w
he
n 
th
e 
PE
M
 is
 a
dd
ed
 to
 th
e 
cl
as
sic
 K
er
r 
ap
pa
ra
tu
s. 
R
et
ur
-n
in
g t
o 
th
e
Jo
ne
s M
at
rix
 d
es
cr
ip
tio
n 
o
f t
he
 c
la
ss
ic
 K
er
r a
pp
ar
at
us
 g
iv
en
 in
 C
ha
pt
er
 T
hr
ee
, E
q.
 6
.3
. 1
)
gi
ve
s t
he
 m
at
he
m
at
ic
al
 d
es
cr
ip
tio
n 
o
f t
he
 e
le
ct
ric
 fi
el
d o
f t
he
 li
gh
t a
t t
he
 d
et
ec
to
r, 
Ed
r 
in
th
e 
cl
as
sic
 K
er
r s
et
up
. Ed
e 
=
 
co
so
 
si
n6
)E
,,e
"' 
e 
iD
Z 
0 
Ir
co
s 
0) 
(6.
3.1
)
0 
ei
D
,)S
jno
)
R
ec
al
l t
ha
t, 
th
e 
m
at
rix
 e
le
m
en
ts 
e 
ZX
 
ac
co
u
n
t 
fo
r t
he
 i
nt
en
sit
y 
an
d 
ph
as
e 
ch
an
ge
s 
th
at
o
cc
u
r 
al
on
g 
th
e 
Z 
an
d 
X
 a
x
es
 
O
nc
e a
ga
in
, a
n
 a
rb
itr
ar
y 
ro
ta
tio
n 
o
f t
he
 p
ol
ar
iz
at
io
n 
ax
es
 o
f
10
3
th
e 
po
la
riz
er
s b
y 
th
e 
an
gl
es
 
an
d 
w
ith
 re
sp
ec
t t
o 
th
e 
st
at
ic
 fi
el
d a
s 
w
ill
 b
e 
co
n
sid
er
ed
fir
st.
Th
e 
PE
M
 is
 in
cl
ud
ed
 in
 E
q.
 
6.
3.
 1)
 th
ro
ug
h 
a 
se
co
n
d 
m
at
rix
 w
ith
 th
e 
sa
m
e 
fo
rm
 a
s
th
e 
m
at
rix
 d
es
cr
ib
in
g t
he
 li
ne
ar
 d
ic
hr
oi
sm
 an
d 
bi
re
ffi
ng
en
ce
 of
 th
e 
sa
m
pl
e.
 T
he
 re
su
lt 
is
0-
 
CO
SO
Ez
 
=
 
co
so
 
sin
o)E
oe
" 
(6.
3.2
)
d 
0 
ei
D
. 
e-
M
 
sin
 0
Th
e 
o
rd
er
in
g 
o
f t
he
 m
at
ric
es
 in
 E
q.
 
6.
3.
2) 
re
fle
ct
s 
th
e 
o
pt
ic
al
 o
rd
er
 o
f t
he
 e
le
m
en
ts.
 T
he
ex
po
ne
nt
ia
l t
er
m
 M
 i
n 
th
e 
PE
M
 m
at
rix
 is
 th
e 
re
fra
ct
iv
e 
in
de
x 
m
o
du
la
tio
n 
de
te
rm
in
ed
 b
y
th
e 
co
m
pr
es
sio
n 
o
f t
he
 c
ry
sta
l. 
Th
e 
co
m
pr
es
sio
n 
o
f t
he
 c
ry
sta
l i
s 
sin
us
oi
da
l a
s 
in
di
ca
te
d
by
 E
q.
 6
.3
.3
) w
he
re
 M
o 
is 
th
e 
m
o
du
la
tio
n 
de
pt
h 
o
r 
re
ta
rd
at
io
n 
se
t b
y t
he
 P
EM
 c
o
n
tr
ol
le
r.
M
 =
 
M
O
 C
os
(fi
) 
(6.
3.3
)
2
Th
e 
fre
qu
en
cy
, f 
o
f t
he
 m
o
du
la
tio
n 
w
as
 3
0 
kH
z 
fo
r t
he
 I
R
 Z
nS
e 
PE
M
 te
st
ed
 a
n
d
50
 Id
Iz
 f
or
 th
e 
qu
ar
tz
 P
EM
 (P
EM
90
 c
o
n
tr
ol
le
r, 
M
od
el
 I
II
 ZS
37
, M
od
el
 F
S5
0).
 F
or
 t
he
H
in
ds
 P
EM
's 
te
st
ed
 i
n 
th
is 
in
ve
sti
ga
tio
n,
 th
e 
m
o
du
la
tio
n 
de
pt
h 
M
o 
w
as
 s
et
 b
y 
th
e 
PE
M
co
n
tr
ol
le
r. 
O
n 
th
e 
PE
M
 c
o
n
tr
ol
le
r, 
th
e 
m
o
du
la
te
d 
bi
re
ffi
ng
en
ce
 w
as
 
se
le
ct
ed
 w
ith
 th
e
sa
m
e 
pa
ra
m
et
er
s t
ha
t w
o
u
ld
 b
e 
u
se
d 
to
 s
pe
ci
fly
 a 
w
av
ep
la
te
. 
Th
er
ef
or
e,
 th
e 
w
av
el
en
gt
h
fo
r t
he
 m
o
du
la
tio
n 
w
as
 s
pe
ci
fie
d i
n 
ad
di
tio
n 
to
 th
e 
m
o
du
la
tio
n 
de
pt
h.
 F
or
 e
x
am
pl
e,
 w
ith
 a
10
4
m
o
du
la
tio
n 
de
pt
h 
o
f q
ua
rte
r-w
av
e 
at
 a
 w
av
el
en
gt
h 
se
tti
ng
 o
f 6
32
.8
 n
m
, 
th
e 
PE
M
 w
o
u
ld
be
 a
 m
o
du
la
te
d 
qu
ar
te
r-w
av
ep
la
te
 fo
r 6
32
.8
 n
m
 fi
gh
t. 
Th
e 
sa
m
e 
se
tti
ng
 w
o
u
ld
 b
e 
a 
1/
8
w
av
ep
la
te
 a
t 
12
65
.6
 nr
n
, a
n
d 
a 
ha
lf 
w
av
ep
la
te
 fo
r 3
16
.4
 n
m
.
Fo
llo
w
in
g t
he
 c
al
cu
la
tio
ns
 m
ad
e i
n 
Ch
ap
te
r T
hr
ee
, t
he
 in
te
ns
ity
 at
 th
e 
de
te
ct
or
 is
I 
=
 I 
C
O
S2
 
C
O
S2
 
O
e -2
 
C
S2
 
(2 
M
 +
 2.
6 
-
2 
v)
+
 s
in
2 
O
sin
 2O
e 
-
2-
,. 
C
S2
 
(-2
M 
-
2s
, 
-
2o
)t)
+
 I/
 2
 si
n2
O
sin
2O
e-
('- 
co
s(M
 + 
e,
 
a
) c
o
s(-
M 
+
 
co
t))
, 
(6.
3.4
)
w
he
re
 Io
 is
 th
e 
lig
ht
 s
o
u
rc
e 
in
te
ns
ity
, 
z 
ar
e 
th
e 
ab
so
rp
tio
n 
co
ef
fic
ie
nt
s a
lo
ng
 th
e 
ax
es
 Z
an
d 
X
, 
a
n
d 
ez
x 
ar
e 
th
e 
ph
as
es
 o
f t
he
 l
ig
ht
 a
lo
ng
 th
e 
tw
o 
ax
es
. 
Th
e 
de
te
ct
or
 c
an
n
o
t
re
sp
on
d 
at
 t
he
 o
pt
ic
al
 f
re
qu
en
ci
es
, 
so
 
o
n
ce
 a
ga
in
 a
n
 a
v
er
ag
e 
o
v
er
 
tim
e 
is 
ca
lc
ul
at
ed
m
ak
in
g 
th
e 
slo
w
ly
 va
ry
in
g 
w
av
e 
ap
pr
ox
im
at
io
n f
or
 th
e 
po
la
riz
at
io
n m
o
du
la
tio
n.
 T
hi
s i
s 
a
go
od
 a
pp
ro
xi
m
at
io
n 
fo
r t
he
 5
0 
kH
z 
an
d 
30
 k
H
z 
m
o
du
la
tio
n 
fre
qu
en
ci
es
 c
o
n
sid
er
ed
 h
er
e.
W
ith
 th
is 
ap
pr
ox
im
at
io
n,
 th
e 
sig
na
l f
or
 a
 g
iv
en
 w
av
el
en
gt
h 
is
,d
 
=
 
10
 (C
OS
2 
CS
2 
e 
-
2e
;, 
+
 S
in
2 
Si
n2
 e
 
-
2E
.
2
I 
2 
sin
 20
 s
in
 2
0 
co
s(,
6 
-
ex
' -
2M
)e 
(6.
3.5
)
10
5
In
 o
rd
er
 to
 m
ea
su
re
 t
he
 b
ire
ffi
ng
en
ce
 of
 th
e 
sa
m
pl
e,
 th
e 
m
o
du
la
tio
n 
bi
re
ffi
ng
en
ce
 an
d 
th
e
sa
m
pl
e b
ire
ffi
ng
en
ce
 m
u
st
 b
e s
ep
ar
at
ed
. 
A
 tr
ig
on
om
et
ric
 id
en
tit
y 
fo
r t
he
 fi
na
l te
rm
 is
 u
se
d
to
 
se
pa
ra
te
 t
he
 m
o
du
la
tio
n 
an
d 
sa
m
pl
e 
bi
re
ffi
ng
en
ce
s. 
Eq
ua
tio
n 
63
.6
) 
sh
ow
s 
th
e
se
pa
ra
tio
n 
be
tw
ee
n 
th
es
e 
ph
en
om
en
a.
,
de
, 
Io
 
(co
s' 
0 
co
s'
 
e-
`-
` 
Si
n 2
 
Si
n 2
 e
 -2
s,.
2
sin
 20
 si
n 2
0(c
os
(e 
-
q.
,) c
o
s(2
A4
) +
 s
in
(e,
 -
) s
in
(2A
/-f
))e
-(C
 +0
). 
6.
3.
6)
Th
e 
fir
st 
tw
o 
te
rm
s 
i 
th
e 
fir
st 
lin
e 
o
f E
q.
 
6.
3.
5) 
de
sc
rib
e t
he
 d
ic
hr
oi
sm
 w
ile
 
th
e 
se
co
n
d
lin
e a
cc
o
u
n
ts
 fo
r t
he
 b
ire
ffi
ng
en
ce
. T
he
 c
o
s(M
O c
o
sf
t) 
an
d 
sin
(M
O c
o
sf
t) 
in
 E
q.
 6
.3
.6
)
ca
n
 b
e 
ex
pa
nd
ed
 v
ia
 a
 F
ou
rie
r e
x
pa
ns
io
n.
 E
qu
at
io
ns
 
6.
3.
7) 
an
d 
6.
3.
8) 
gi
ve
 th
e 
Fo
ur
ie
r
ex
pa
ns
io
n f
or
 th
es
e 
te
rm
s,
 w
he
re
 J
 (
MO
) a
re
 th
e 
o
rd
in
ar
y B
es
se
l f
un
ct
io
ns
.
CO
S(M
O co
sf
t) 
Jo
 (M
O)
 
21
 
H
Y 
JI
n(M
O)
 co
s(2
nft
). 
(6.
3.7
)
n
co
sin
(M
O co
sf
t) 
2Z
 (_
I)n
+l
 JI
n-
 (M
O'
 ) c
o
s((
2n
 -
)ft
). 
(6.
3.8
)
n
10
6
M
ak
in
g 
th
e 
su
bs
tit
ut
io
n 
fo
r 
co
s(M
O c
o
sf
t) 
an
d 
sin
(M
O c
o
sf
t),
 
an
d 
o
rie
nt
in
g 
th
e
po
la
riz
er
s 
at
 ±
5' 
w
ith
 re
sp
ec
t t
o 
th
e 
PE
M
 a
x
es
, 
an
d 
th
e 
fie
ld
 a
x
es
 Z
 a
n
d 
X
 E
q.
 
6.
3.
9)
gi
ve
s t
he
 in
te
ns
ity
 of
 li
gh
t o
n
 th
e 
de
te
ct
or
 f
or
 n
o
n
-id
ea
l p
ol
ar
iz
er
s w
ith
 tr
an
sm
iss
io
n 
T.
IO
 (T
, +
e-
24
 
I,1
10
 
+
 21
:(_
I)n
 
ft)
]
Id
d 
=
 
4 
+
e-
2c
-"
-2
e-
(e-
"+
e-"
) 
co
s(c
.'--
6.1
)'P
ok
 
J2
n W
 
) c
o
s(2
n
sin
(so
z 
-
 
n
+
I 
0) 
co
s((
2n
 -
) 
(6.
3.9
)
Z 
(-1
) 
J2
n-
1 (Y
n
W
ith
 t
he
 s
ig
na
l 
o
n
 
th
e 
de
te
ct
or
 c
al
cu
la
te
d,
 i
t 
is 
n
o
w
 p
os
sib
le
 t
o 
ex
pl
or
e 
th
e
po
te
nt
ia
l o
f P
EM
 in
 d
et
ec
tio
n 
o
f t
he
 K
er
r 
ef
fe
ct
. 
Fi
rs
t i
t c
an
 b
e 
sh
ov
m
 fr
om
 E
q.
 
6.
3.
9)
th
at
 w
ith
 d
em
od
ul
at
io
n 
o
f t
he
 s
ig
na
l a
t 
o
dd
 h
ar
m
on
ic
s o
f t
he
 m
o
du
la
tio
n 
fre
qu
en
cy
, f,
 t
he
de
m
od
ul
at
ed
 s
ig
na
l i
s 
pr
op
or
tio
na
l 
to
 
sin
(ez
 -
.
,
) , 
w
hi
ch
 i
s 
ze
ro
 
w
he
n 
th
er
e 
is 
n
o
bi
re
ffi
ng
en
ce
. 
Th
e 
bi
re
ffi
ng
en
ce
 c
an
 a
lso
 b
e 
de
te
ct
ed
 a
t e
v
en
 h
ar
m
on
ic
s b
ut
 th
e 
sig
na
l i
s
pr
op
or
tio
na
l t
o 
co
s(e
z -
) a
n
d 
fo
r 
sm
al
l d
iff
er
en
ce
s i
n 
in
di
ce
s o
f r
ef
ra
ct
io
n 
de
te
ct
io
n 
is
m
ad
e a
ga
in
st 
a 
la
rg
e 
ba
ck
gr
ou
nd
. 
Th
e 
o
n
ly
 ab
so
rp
tio
n 
in
 th
e 
m
o
du
la
tio
n 
ex
pr
es
sio
n 
is 
th
e
to
ta
l 
ab
so
rp
tio
n,
 e
z 
+
 q;
, 
so
 t
he
 e
ffe
ct
s 
o
f l
in
ea
r d
ic
hr
oi
sm
. ha
s 
be
en
 r
em
o
v
ed
 f
ro
m
 th
e
bi
re
fri
ng
en
ce
 s
ig
na
l.
Tw
o 
m
ec
ha
ni
sm
s f
or
 s
ig
na
l t
o 
n
o
ise
 e
n
ha
nc
em
en
t a
re
 i
nd
ic
at
ed
 b
y 
Eq
. 
63
.9
).
Th
e 
sig
na
l t
o 
n
o
ise
 c
an
 b
e 
en
ha
nc
ed
 th
ro
ug
h 
lo
ck
-in
 d
et
ec
tio
n 
if 
th
e 
tim
e 
co
n
st
an
t 
an
d
m
o
du
la
tio
n 
fre
qu
en
cy
 ar
e 
pr
op
er
ly
 c
ho
se
n.
 B
y 
lo
ok
in
g 
at
 th
e 
ca
se
 o
f p
ur
e 
bi
re
ffi
ng
en
ce
 a
sig
na
l 
to
 
n
o
ise
 e
n
ha
nc
em
en
t 
m
ec
ha
ni
sm
 i
s 
n
o
te
d 
fo
r 
th
e 
ph
as
e-
se
ns
iti
ve
 d
et
ec
tio
n
10
7
en
ha
nc
em
en
t. 
In
 th
e 
ca
se
 o
f p
ur
e 
bi
re
ffi
ng
en
ce
 in
 th
e 
cl
as
sic
 K
er
r 
ap
pa
ra
tu
s, 
th
e 
in
te
ns
ity
at
 th
e 
de
te
ct
or
 re
du
ce
s t
o
Id
et
 
=
 
Io
 si
n 2
 ((
,6,
 
-
e 
2.
 
(6.
3.1
0)
2
Th
ro
ug
h 
u
se
 o
f t
he
 P
EK
 
th
e 
sig
na
l f
or
 p
ur
e 
bi
re
ffi
ng
en
ce
 is
 p
ro
po
rti
on
al
 to
 t
he
 s
qu
ar
e
ro
o
t 
o
f t
he
 c
la
ss
ic
 K
er
r 
sig
na
l, 
w
he
re
 s
in
(e7
 -
>
>
 si
n' 
&
z 
-
2).
 W
ith
 th
e 
u
se
 o
f
an
o
th
er
 p
ol
ar
iz
at
io
n 
m
o
du
la
tio
n 
te
ch
ni
qu
e,
 th
e 
sa
m
e 
en
ha
nc
em
en
t m
ec
ha
ni
sm
 w
as
 u
se
d 
to
de
te
ct
 a
 s
ho
t n
o
ise
 li
m
ite
d K
er
r 
di
sp
er
sio
n 
an
gl
e o
f 1
0-
9 ra
di
an
s.'
,2
If 
lig
ht
 s
o
u
rc
e 
n
o
ise
 is
 a
 s
ig
ni
fic
an
t p
ro
bl
em
, E
q.
 
6.
3.
 1 1
) i
nd
ic
at
es
 th
at
 fo
r 
pu
re
bi
re
ffi
ng
en
ce
 a
n
 
u
n
m
o
du
la
te
d,
 
D
C 
sig
na
l 
ca
n
 
be
 
ge
ne
ra
te
d 
in
de
pe
nd
en
t 
o
f 
th
e
bi
re
ffi
ng
en
ce
. 
Th
e 
bi
re
ffi
ng
en
ce
 in
de
pe
nd
en
t D
C 
sig
na
l i
s 
po
ss
ib
le
 w
he
n 
th
e 
Jo
(m
o 
is
ze
ro
. 
Th
is 
B
es
se
l f
un
ct
io
n 
is 
ze
ro
 w
he
n 
th
e 
m
o
du
la
tio
n 
de
pt
h 
is 
se
t t
o 
03
83
 w
av
el
en
gt
hs
,
w
hi
ch
 m
ea
n
s 
M
o 
=
 
24
06
 r
ad
ia
ns
. 
Th
e 
D
C 
sig
na
l, 
in
de
pe
nd
en
t o
f b
ire
ffi
ng
en
ce
 ha
s 
be
en
u
se
d 
in
 a 
ra
tio
 s
ch
em
e t
o 
n
o
rm
al
iz
e t
he
 li
gh
t s
o
u
rc
e 
in
te
ns
ity
 fl
uc
tu
at
io
ns
.
Ju
st 
as
 th
e 
bi
re
ffi
ng
en
ce
 c
an
 b
e 
se
pa
ra
te
d 
fro
m
 th
e 
di
ch
rc
ism
 t
he
 P
EM
 c
an
 a
lso
 b
e
u
se
d 
to
 m
ea
su
re
 in
de
pe
nd
en
tly
 th
e 
lin
ea
r d
ic
hr
oi
sm
 o
f t
he
 s
am
pl
e.
 T
he
 K
er
r 
ap
pa
ra
tu
s i
s
m
o
di
fie
d 
in
 tw
o 
w
ay
s 
fo
r 
th
e 
di
ch
ro
ism
 m
ea
su
re
m
en
ts
. 
Fi
rs
t, 
th
e 
an
al
yz
er
 p
ol
ar
iz
er
 is
re
m
o
v
ed
. 
N
ex
t, 
th
e 
sa
m
pl
e 
is 
ro
ta
te
d 
so
 t
ha
t 
th
e 
fie
ld
 w
is 
is 
pa
ra
lle
l w
ith
 t
he
 f
irs
t
po
la
riz
er
's 
po
la
riz
at
io
n 
a.
-d
s. 
Fi
gu
re
 6
5 
sh
ow
s t
he
 a
rr
an
ge
m
en
t o
f t
he
 P
EM
, p
ol
ar
iz
er
 a
n
d
10
8
sa
m
pl
e 
fo
r 
th
e 
lin
ea
r 
di
ch
ro
ism
 m
ea
su
re
m
en
ts
.
po
la
riz
at
io
n 
o
f t
he
 li
gh
t i
s 
de
sc
rib
ed
 by
 E
q.
 
6.
3-
1 
)
W
ith
ou
t 
th
e 
di
ch
ro
ic
 s
am
pl
e 
th
e
(6.
3.1
1)
Z
4
PI
x
PE
M
Co
m
pr
es
sio
n
A
xi
s 
X
-
L
Fi
gu
re
 6
5 
Li
ne
ar
 D
ic
hr
oi
sm
 A
rr
an
ge
m
en
t 
Fo
r 
lin
ea
r 
di
ch
ro
ism
 m
ea
su
re
m
en
ts
, t
he
sa
m
pl
e 
an
d 
fie
ld
 a
re
 r
o
ta
te
d 
45
' 
so
 
th
at
 t
he
 d
ic
hr
oi
c 
ax
es
 
ar
e 
pa
ra
lle
l 
an
d 
pe
rp
en
di
cu
la
r
w
ith
 th
e f
irs
t p
ol
ar
iz
er
's 
ax
es
. 
Th
e 
an
al
yz
er
 p
ol
ar
iz
er
 is
 re
m
o
v
ed
.
A
lth
ou
gh
 th
e 
sa
m
pl
e 
is 
ro
ta
te
d 
in
 th
e 
di
ch
ro
ism
 m
ea
su
re
m
en
ts
, 
Eq
. 
6.
3.
 1 1
) r
ef
le
ct
s 
n
o
ch
an
ge
 in
 th
e 
a)d
s s
ys
te
m
 in
 w
hi
ch
 th
e 
Jo
ne
s M
at
ric
es
 a
re
 d
ef
in
ed
. 
Th
e 
pr
oje
cti
on
s o
f t
he
po
la
riz
at
io
n 
o
f t
he
 l
ig
ht
 a
lo
ng
 th
e 
di
ch
ro
ic
 a
x
es
 p
ar
al
le
l a
n
d 
pe
rp
en
di
cu
la
r t
o 
th
e 
in
iti
al
po
la
riz
at
io
n 
ar
e 
ta
ke
n 
ba
se
d 
o
n
 E
q.
 
6.
3.
 1 1
). 
Th
e 
el
ec
tri
c 
fie
ld
 p
ro
jec
tio
ns 
al
on
g 
th
e
i
10
9
im
t 
0 
co
so
Ed
e 
=
 
Eo
e 
e 
-
im
 
sin
 0
di
ch
ro
ic
 ax
es
 a
re
 th
en
 m
u
lti
pl
ie
d b
y 
th
e 
ex
po
ne
nt
ia
ls 
fo
r t
he
 re
sp
ec
tiv
e 
ab
so
rb
an
ce
s. 
Th
e
lig
ht
 fi
el
d 
pa
ra
lle
l 
to
 t
he
 p
ol
ar
iz
er
 i
s
(6.
3.1
2)
w
hi
le
 th
e 
lig
ht
 fi
el
d p
er
pe
nd
ic
ul
ar
 to
 th
e 
fir
st 
po
la
riz
er
 is
ei
kf
E'
 -
ee
l"
 I 
E 
e I
 &
de
t -
02
- 
*
 
0 
0
Th
e 
in
te
ns
ity
, E
q.
 
6.
3.
14
), 
o
f t
he
 li
gh
t a
t t
he
 d
et
ec
to
r
an
d 
pe
rp
en
di
cu
la
r t
o 
th
e 
fir
st 
po
la
riz
er
.
(6.
3.1
3)
is 
th
e 
su
m
 o
f t
he
 in
te
ns
iti
es
 p
ar
al
le
l
Id
't 
=
 
O
C[
(E
d,)
2 +
Ed
Lt
)2]
.
(6.
3.1
4)
A
fte
r 
av
er
ag
in
g 
o
v
er
 
th
e 
tim
e 
re
sp
on
se
 o
f 
th
e 
de
te
ct
or
 a
n
d 
m
ak
in
g 
su
bs
tit
ut
io
n 
fo
r
co
s(M
O 
co
s_
ft)
 i
n 
th
e 
sa
m
e 
w
ay
 
as
 
fo
r 
th
e 
bi
re
ffi
ng
en
ce
 
ca
se
, 
Eq
. 
6.
3.
15
) 
gi
ve
s 
th
e
in
te
ns
ity
 of
 li
gh
t a
t t
he
 d
et
ec
to
r.
11
0
EQ
 
-
q 
,,
 
ei
kf 
C
os
o
e 
-
-
-
)
de
t 
=
 
'( 
 
2 
)2 
Eo
e 
0 
e-
"
f 
sin
 0 
'
0 
CO
SO
e-
W
 
sin
 0
 
Id
d 
IO
 
e2
zj'
 
+
e-
2 e, 
+
 (e -
21
" 
-
e-
2 
e,
 )[
JO
(M
o)+
21
:(_
I)n
j2,
.(M
O)
CO
S(2
nft
)]
2 
n
(6.
3.1
5)
Eq
ua
tio
n 
6.
3.
15
) i
nd
ic
at
es
 th
at
 -t
he
 in
te
ns
ity
 o
n
 t
he
 d
et
ec
to
r 
is 
th
e 
u
m
 o
f 
a 
m
o
du
la
te
d
(IA
c) 
an
d 
u
n
m
o
du
la
te
d 
(ID
,) 
sig
na
l. 
If 
th
e 
m
o
du
la
te
d 
sig
na
l i
s e
x
tr
ac
te
d 
w
ith
 a
 lo
ck
-in
am
pl
ifi
er
 w
hi
le
 th
e 
u
n
m
o
du
la
te
d 
sig
na
l i
s s
ep
ar
at
ed
 w
ith
 a
 lo
w
 p
as
s f
ilt
er
, t
he
 r
at
io
 o
f t
he
IA
cl
YD
c s
ig
na
ls 
is 
de
te
rm
in
ed
 b
y 
th
e 
di
ffe
re
nc
e 
in
 a
bs
or
ba
nc
e 
e"
. 
Eq
ua
tio
n 
6.
3.
16
)
in
di
ca
te
s t
ha
t t
he
 ra
tio
 IA
c&
 
is 
pr
op
or
tio
na
l t
o 
th
e 
hy
pe
rb
ol
ic
 ta
ng
en
t o
f t
he
 a
bs
or
ba
nc
e
di
ffe
re
nc
e.
IA
C 
=
 
22
 (
M
O)
 tan
h(g
o 
c).
 
(6.
3.1
6)
,
D
C
Th
e 
u
til
ity
 
o
f 
th
e 
PE
M
 
in
 
ch
ar
ac
te
riz
at
io
n 
o
f 
th
e 
K
er
r 
ef
fe
ct
s 
ha
s 
be
en
de
m
on
str
at
ed
 th
ro
ug
h 
th
e 
de
riv
at
io
n 
o
f t
he
 s
ig
na
ls 
fo
r l
in
ea
r d
ic
hr
oi
sm
 an
d 
bi
re
ffi
ng
en
ce
.
Th
e 
ca
pa
ci
ty
 to
 s
ep
ar
at
e 
th
es
e 
tw
o 
ph
en
om
en
a 
is 
o
f p
ar
tic
ul
ar
 in
te
re
st 
in
 m
o
de
lin
g 
th
e
ef
fe
ct
. 
It 
w
as
 a
lso
 s
ho
w
n 
th
at
 th
e 
PE
M
 c
an
 b
e 
u
se
d 
to
 in
cr
ea
se
 th
e 
sig
na
l t
o 
n
o
ise
 ra
tio
o
v
er
 th
e 
cl
as
sic
 K
er
r 
m
ea
su
re
m
en
t a
pp
ar
at
us
. 
A
 c
o
m
bi
na
tio
n 
o
f t
he
 s
u
cc
es
s 
o
f t
he
 F
T-
PE
M
 o
pt
ic
al
 a
ct
iv
ity
 m
ea
su
re
m
en
ts
 a
n
d 
th
e 
po
te
nt
ia
l 
o
f 
th
e 
PE
M
 w
er
e 
th
e 
re
as
o
n
 
fo
r
Pu
rs
um
g 
a 
PE
M
 b
as
ed
 K
er
r m
ea
su
re
m
en
t a
pp
ar
at
us
.
II
I
A
s w
as
 s
ho
w
n 
in
 th
e 
pr
ev
io
us
 se
ct
io
n,
 th
er
e 
w
er
e 
a 
n
u
m
be
r o
f r
ea
so
n
s 
fo
r p
ur
su
in
g
th
e 
PE
M
 b
as
ed
 K
er
r 
m
ea
su
re
m
en
t 
sc
he
m
e.
 
Th
e 
Fo
ur
ie
r 
Tr
an
sf
or
m
 s
pe
ct
ro
m
et
er
 w
as
se
le
ct
ed
 to
 t
ak
e 
ad
va
nt
ag
e 
o
f 
th
e 
m
u
lti
pl
ex
 a
n
d 
th
ro
ug
hp
ut
 a
dv
an
ta
ge
s 
o
v
er
 
di
sp
er
siv
e
sp
ec
tro
m
et
er
s. 
In
 a
dd
iti
on
, t
he
 B
io
Ra
d 
FT
S6
0A
 is
 f
un
ct
io
na
l i
n 
th
e 
u
ltr
av
io
le
t, 
v
isi
bl
e,
an
d 
in
fra
re
d.
Tw
o 
at
te
m
pt
s 
at
 th
e F
T-
PE
M
 K
er
r m
ea
su
re
m
en
t w
er
e 
m
ad
e.
 I
n 
th
e 
fir
st,
 th
e 
FT
S-
PE
M
 a
pp
ar
at
us
 w
as
 d
es
ig
ne
d 
to
 r
ep
ea
t t
he
 m
ea
su
re
m
en
t 
o
f t
he
 f
or
m
al
de
hy
de
 K
er
r 
ef
fe
ct
fo
r 
th
e 
2A
2 
-
!'A
, 
Yr
* -
n
) 
u
ltr
av
io
le
t 
tr
an
sit
io
n 
o
f 
fo
rm
al
de
hy
de
 
pr
ev
io
us
ly
re
po
rte
d.
 12
-1
4 
Th
e 
go
al
 o
f t
he
 f
or
m
al
de
hy
de
 ex
pe
rim
en
ts 
w
as
 to
 d
em
on
str
at
e 
th
e 
te
ch
ni
qu
e
o
n
 a
 m
o
le
cu
le
 th
at
 h
ad
 a
lre
ad
y 
be
en
 in
ve
sti
ga
te
d.
 
Th
e 
fin
al
 at
te
m
pt
 w
as
 m
ad
e 
w
ith
 th
e
FT
S-
PE
M
 a
pp
ar
at
us
 o
pe
ra
te
d 
in
 th
e 
in
fra
re
d 
n
ea
r 
th
e 
N
02
ba
nd
s 
o
f t
he
 e
x
pl
os
iv
es
. 
Th
e
co
m
po
ne
nt
s o
f t
he
 m
ea
su
re
m
en
t 
ap
pa
ra
tu
s 
co
m
m
o
n
 to
 a
 
m
ea
su
re
m
en
ts
 w
ill
 b
e 
de
sc
rib
ed
in
 th
e 
fir
st 
pa
rt 
o
f t
hi
s 
se
ct
io
n.
 T
he
n 
th
e 
sp
ec
ifi
cs
 o
f t
he
 u
ltr
av
io
le
t, 
n
ea
r 
H
' 
an
d 
m
id
-IR
FT
-P
EM
 m
ea
su
re
m
en
t 
ap
pa
ra
tu
s w
ill
 be
 e
x
pl
or
ed
 in
 su
bs
eq
ue
nt
 se
ct
io
ns
.
Th
e 
m
ea
su
re
m
en
t 
o
f t
he
 K
er
r 
ef
fe
ct
 b
eg
an
 w
ith
 th
e 
co
n
st
ru
ct
io
n 
o
f t
he
 K
er
r 
ce
ll
sh
ow
n 
in
 F
ig
. 6
6.
 
G
re
at
 c
ar
e 
w
as
 t
ak
en
 i
n 
th
e 
de
sig
n 
to
 m
in
im
i e
 e
le
ct
ric
al
 d
isc
ha
rg
es
fro
m
 th
e 
St
ar
k 
pl
at
es
. 
Fo
r 
th
is 
re
as
o
n
, 
th
e 
ce
ll 
w
as
 
co
n
st
ru
ct
ed
 o
f 
tw
o 
in
ch
 i
ns
id
e
di
am
et
er
 g
la
ss
 tu
bi
ng
, t
ha
t w
as
 f
ou
r f
ee
t i
n 
le
ng
th
. 
Tw
o 
st
op
co
ck
s 
w
er
e 
at
ta
ch
ed
 to
 th
e
ce
ll 
fo
r s
am
pl
e 
in
tro
du
ct
io
n 
an
d 
co
n
n
ec
tio
n 
to
 a
 m
ec
ha
ni
ca
l p
um
p.
 T
w
o 
ad
di
tio
na
l p
or
ts
w
er
e 
ad
de
d 
to
 s
u
pp
ly
 th
e h
ig
h 
v
o
lta
ge
 to
 t
he
 p
la
te
s a
n
d 
fo
r a
 B
ar
at
ro
n 
pr
es
su
re
 tr
an
sd
uc
er
11
2
6.
4 F
T 
Po
la
riz
at
io
n 
M
od
ul
at
io
n 
Sp
ec
tro
sc
op
y:
 In
tro
du
ct
io
n
fo
r p
re
ss
ur
e 
m
ea
su
re
m
en
ts
. 
A
ll 
at
ta
ch
m
en
ts 
to
 th
e 
ce
ll 
po
rts
 w
er
e 
m
ad
e w
ith
 9
 m
m
 V
ito
n
O
-ri
ng
 gl
as
s f
as
te
ne
rs
. 
Th
e w
in
do
w
s 
w
er
e 
2 
in
ch
 d
ia
m
et
er
 C
aF
 I
 c
m
 th
ic
k 
w
ed
ge
d 
fla
ts
(Ja
no
s) 
an
d 
w
er
e 
m
o
u
n
te
d 
to
 th
e 
ce
ll 
w
ith
 a
n
 
fla
ng
e 
sh
ow
n i
n 
Fi
g.
 6
7.
 
O
n 
th
e
w
in
do
w
 s
id
e 
o
f t
he
 f
la
ng
e 
th
e 
w
in
do
w
 w
as
 
co
m
pr
es
se
d 
ag
ai
ns
t a
 
G
re
en
 R
ub
be
r 
11
30
V
ito
n 
0-
rin
g 
pl
ac
ed
 in
 a
n
 O
-ri
ng
 g
oo
ve
. 
Th
e 
w
in
do
w
 w
as
 h
el
d 
in
 pl
ac
e 
by
 a
n
sle
ev
e 
at
ta
ch
ed
 t
o 
th
e 
al
um
in
um
 fl
an
ge
 w
ith
 
44
0 
sc
re
w
s.
 
O
n 
th
e 
o
th
er
 s
id
e 
o
f 
th
e
fla
ng
e,
 an
d 
G
re
en
 R
ub
be
r 
11
39
 O
-ri
ng
 w
as
 u
se
d 
to
 s
ea
l to
 t
he
 c
el
l.
TO
V
ac
uu
m
 
B
ar
at
ro
n 
Pr
--s
su
re
Li
ne
, 
Tr
an
sd
uc
er
kh
gh
 V
ol
ta
ge
 
Sa
m
pl
e
Fe
ed
 T
hr
ou
gh
 
t
N
 
I 
I
St
op
co
ck
s
-
-
-
-
 
-
-
-
-
-
-
-
-
-
-
-
St
ar
k 
Pl
at
es
W
in
do
w
 
2.
5 
m
m
 G
ap
 
Te
flo
n 
Sp
ac
er
 
W
in
do
w
M
ou
nt
 
M
ou
nt
Fi
gu
re
 6
6 
K
er
r 
C
el
l 
Th
e 
K
er
r 
ce
ll 
is 
co
n
st
ru
ct
ed
 f
ro
m
 a
 fo
ur
 fo
ot
 lo
ng
 s
ec
tio
n 
o
f t
w
o
in
ch
 d
ia
m
et
er
 g
la
ss
 tu
bi
ng
. 
Th
e 
St
ar
k 
pl
at
es
 w
er
e 
se
pa
ra
te
d 
25
 m
m
 by
 s
ix
 te
flo
n 
sp
ac
er
s
ev
en
ly
 sp
ac
ed
 in
 th
e 
ce
ll.
 T
he
 th
re
e 
pl
at
e 
de
sig
n w
as
 s
el
ec
te
d 
fo
r K
in
g 
di
sc
ha
rg
es
 a
t
lo
w
 p
re
ss
ur
e.
 
Th
e 
w
in
do
w
 m
o
u
n
ts
 a
re
 s
ho
w
n 
in
 F
ig
. 6
7.
 
Co
nn
ec
tio
ns
 to
 th
e 
ce
ll 
w
er
e
m
ad
e w
ith
 9
 m
m
 V
ito
n 
O
-ri
ng
 c
o
n
n
ec
to
rs
.
11
3
A
hi
m
in
iu
n 
C
aF
2 
A
hu
ni
nu
rn
 Fl
an
ge
U
T-
1-
71
.-;
 
W
ed
ge
d
W
in
do
w
 
A SC
1-
13
9 V
ito
n
O
-ri
ng
Fi
gu
re
 6
7 
W
in
do
w
 M
ou
nt
s 
Th
e 
w
in
do
w
s 
w
er
e 
m
o
u
n
te
d 
to
 t
he
 c
el
l w
ith
 a
n
 a
lu
 
fla
ng
e.
 T
he
 s
ea
l b
et
w
ee
n 
th
e 
w
in
do
w
 a
n
d 
th
e 
fla
ng
e,
 a
n
d 
be
tw
ee
n 
th
e 
fla
ng
e 
an
d 
th
e 
ce
ll
w
er
e 
m
ad
e 
w
ith
 G
re
en
 R
ub
be
r V
ito
n 
O
-ri
ng
s. 
Th
e 
v
ac
u
u
m
 s
ea
l w
as
 O
fic
ul
t 
to
 m
ai
nt
ai
n
at
 
hi
gh
er
 t
em
pe
ra
tu
re
s 
as
 
th
e 
fla
ng
e 
an
d 
gl
as
s 
ce
ll 
ha
d 
di
ffe
re
nt
 t
he
rm
al
 e
x
pa
ns
io
n
co
ef
fic
ie
nt
s.
In
sid
e 
th
e 
ce
ll,
 a
 t
hr
ee
 p
la
te
 d
es
ig
n 
w
as
 u
se
d 
to
 p
ro
du
ce
 t
he
 s
ta
tic
 e
le
ct
ric
 fi
el
d.
Th
e 
in
sid
e 
pl
at
e 
w
as
 s
m
al
le
r t
ha
n 
th
e 
o
u
ts
id
e 
pl
at
es
 a
n
d 
w
as
 n
eg
at
iv
el
y 
bi
as
ed
, w
hi
le
 th
e
o
u
ts
id
e 
pl
at
es
 w
er
e 
gr
ou
nd
ed
. 
Th
e 
sm
al
l p
la
te
 p
la
ce
d 
be
tw
ee
n 
th
e 
la
rg
er
 o
u
ts
id
e 
pl
at
es
el
ec
tri
ca
l d
isc
ha
rg
es
 f
ro
m
 th
e 
ed
ge
s 
o
f t
he
 b
ia
se
d 
m
id
dl
e 
pl
at
e 
to
 t
he
 o
th
er
pl
at
es
, 
an
d 
ex
te
rio
r 
o
f t
he
 c
el
l. 
Th
e 
pl
at
es
 w
er
e 
co
n
st
ru
ct
ed
 o
f 
31
6 
o
f a
n
 
in
ch
 th
ic
k
po
lis
he
d 
st
ai
nl
es
s s
te
el
 w
ith
 th
e 
ed
ge
s 
ro
u
n
de
d.
 
Th
e 
o
u
ts
id
e 
pl
at
es
 w
er
e 
44
 in
ch
es
 lo
ng
w
ith
 a
 w
id
th
 o
f 
I 
V
2i
nc
he
s, w
hi
le
 th
e 
in
sid
e p
la
te
 w
as
 4
3 
in
ch
es
 lo
ng
 w
ith
 a
 w
id
th
 o
f 
4
in
ch
. 
Th
e 
pl
at
es
 w
er
e 
he
ld
 i
n 
th
e 
ce
ll 
by
 s
ix
 te
flo
n 
sp
ac
er
s 
w
hi
ch
 s
ep
ar
at
ed
 th
e 
tw
o
o
u
ts
id
e 
pl
at
es
 a
n
d 
th
e 
in
sid
e 
pl
at
e 
w
ith
 g
ap
s 
o
f 2
5 
m
m
. 
Th
e 
ga
p 
w
as
 k
ep
t 
co
n
st
an
t 
to
w
ith
in
 0
. 1
 m
m
 a
lo
ng
 th
e l
en
gt
h 
o
f t
he
 p
la
te
s w
ith
 tz
flo
n w
ed
ge
s 
pl
ac
ed
 b
et
w
ee
n 
th
e 
pl
at
es
.
In
 e
x
pe
rim
en
ts 
w
he
re
 o
pt
ic
al
 th
ro
ug
hp
ut
 n
ee
de
d 
to
 b
e 
m
ax
im
iz
ed
 th
e 
ce
n
te
r 
pl
at
e 
w
as
re
m
o
v
ed
 to
 y
ie
ld
 a 
ga
p 
o
f 9
8 
m
m
. 
V
ol
ta
ge
 w
as
 s
u
pp
lie
d 
to
 th
e 
pl
at
es
 w
ith
 a
 F
lu
ke
 4
08
8
11
4
po
w
er
 s
u
pp
ly
 w
hi
ch
 w
as
 c
al
ib
ra
te
d t
o 
w
ith
in
 ±
 I
O
 V
. 
Th
e g
ro
un
d 
an
d 
v
o
lta
ge
 w
iri
ng
 w
er
e
at
ta
ch
ed
 to
 th
e 
pl
at
es
 t
hr
ou
gh
 2
56
 s
cr
ew
s 
in
 th
e 
sid
e 
o
f t
he
 p
la
te
s. 
1i
gh
 va
cu
u
m
 T
ef
lo
n
w
ire
 w
as
 u
se
d 
to
 m
in
im
i e
 o
u
t-
ga
sin
g.
 T
he
 h
ig
h 
v
o
lta
ge
 c
o
n
n
ec
tio
n 
sc
re
w
s 
w
er
e 
en
ca
se
d
in
 te
flo
n h
ol
de
rs
 to
 p
re
ve
nt
 d
isc
ha
rg
es
 fr
om
 th
e 
ed
ge
s 
o
f t
he
 sc
re
w
s.
6.
5 
Fo
nn
al
de
hy
de
 U
ltr
av
io
le
t K
er
r E
ffe
ct
: 
Pr
oc
ed
ur
es
 a
n
d 
Se
tu
p
Fi
gu
re
 6
8 
ill
us
tra
te
s 
th
e 
ar
ra
n
ge
m
en
ts 
o
f 
th
e 
ba
sic
 c
o
m
po
ne
nt
s 
o
f t
he
 F
T-
PE
M
K
er
r 
m
ea
su
re
m
en
t 
ap
pa
ra
tu
s. 
In
 th
e 
fo
rm
al
de
hy
de
 e
x
pe
rim
en
ts 
th
e 
lig
ht
 s
o
u
rc
e 
w
as
 a
10
0O
W
 O
rie
l 
X
en
on
 a
rc
 l
am
p.
 
Th
e 
lig
ht
 o
u
tp
ut
 w
as
 
co
lli
m
at
ed
 w
ith
 t
he
 t
el
es
co
pe
m
o
u
n
te
d 
to
 th
e 
ho
us
in
g 
o
f t
he
 la
m
p.
 A
n 
O
rie
l i
nf
ra
re
d 
ab
so
rp
tio
n 
ce
ll 
w
as
 a
tta
ch
ed
 to
 th
e
te
le
sc
op
e 
to
 m
in
im
iz
e d
am
ag
e t
o 
th
e 
o
pt
ic
s i
n 
th
e 
in
te
rfe
ro
m
et
er
 fr
om
 th
e 
IR
 o
u
tp
ut
 o
f t
he
ar
c 
la
m
p.
 
Th
e 
fig
ht
 fr
om
 th
e 
ar
c 
la
m
p 
w
as
 d
ire
ct
ed
 in
to
 th
e 
in
te
rfe
ro
m
et
er
 th
ro
ug
h 
th
e
ex
te
rn
al
 so
u
rc
e 
po
rt 
o
f t
he
 B
io
Ra
d 
FT
S6
0A
. 
Th
e 
be
am
sp
lit
te
r i
n 
th
e 
in
te
rfe
ro
m
et
er
 w
as
th
e 
B
io
Ra
d 
Qu
art
z U
V
 b
ea
m
sp
lit
te
r. 
A
t t
he
 e
x
te
rn
al
 s
am
pl
e 
po
rt,
 a
 t
w
o 
le
ns
 te
le
sc
op
e
co
n
st
ru
ct
ed
 o
f 
50
 c
m
 a
n
d 
25
 c
m
 fo
ca
l l
en
gt
h 
le
ns
es
 (J
an
os
 C
aF
2) 
w
as
 u
se
d 
to
 i
m
pr
ov
e
co
lli
m
at
io
n 
an
d 
re
du
ce
 t
he
 b
ea
m
 s
iz
e t
o 
fit
 w
ith
in
 th
e 
o
n
e 
in
ch
 a
pe
rtu
re
 s
iz
e 
o
f t
he
 K
er
r
ce
ll.
 
A
n 
ap
er
tu
re
 a
t 
th
e 
fo
ca
l l
en
gt
h 
o
f 
th
e 
tw
o 
le
ns
es
 o
f t
he
 t
el
es
co
pe
 w
as
 
ad
de
d 
to
el
im
in
at
e n
o
n
-c
o
lli
m
at
ed
 li
gh
t. 
Th
e 
lig
ht
 fr
om
 th
e 
te
le
sc
op
e 
w
as
 th
en
 d
ire
ct
ed
 th
ro
ug
h 
th
e
fir
st 
po
la
riz
er
 (I
 c
m
 a
pe
rtu
re
) a
n
d 
th
e 
ce
ll 
w
ith
 tw
o,
 t
w
o 
in
ch
 m
irr
or
s 
(Ja
no
s A
l c
o
at
ed
fla
ts)
 m
o
u
n
te
d 
fo
r h
or
iz
on
ta
l a
n
d 
v
er
tic
al
 c
o
n
tr
ol
 o
f t
he
 b
ea
m
. 
Th
e 
po
la
riz
er
s w
er
e 
ca
lc
ite
G
la
n-
Th
om
ps
on
 pr
ism
 p
ol
ar
iz
er
s w
ith
 cr
o
ss
ed
 tr
an
sm
iss
io
n 
o
f I
O
-'.
 T
he
 li
gh
t w
as
 d
ire
ct
ed
11
5
th
ro
ug
h 
o
n
ly
 o
n
e 
o
f t
he
 g
ap
s b
et
w
ee
n 
m
id
dl
e a
n
d 
o
u
ts
id
e 
St
ar
k 
pl
at
es
. 
A
fte
r t
he
 a
n
al
yz
er
po
la
riz
er
, t
he
 d
et
ec
to
rs
 u
se
d 
w
er
e 
a 
H
am
am
at
su
 R
I 6
6U
H
 p
ho
to
m
ul
tip
lie
r (
Se
ns
itiv
ity
 = 
4
x
 
10
5 A
/W
, D
ar
k 
Cu
rre
nt
 
I 
n
A
), 
H
am
am
at
su
 I
P2
8 
ph
ot
om
ul
tip
lie
r 
(S
en
sit
ivi
ty 
=
 
48
x
IO
 A
M
, 
D
ar
k 
Cu
rre
nt
 
I 
n
A
), 
an
d 
a 
LT
D
T L
V
-e
nh
an
ce
d 
ph
ot
od
io
de
 (4
55
UV
AL
N,
N
EP
 =
 
25
 x
 
10
-1
4).
 Fo
r 
th
e 
IP
28
 a
n
d 
th
e 
ph
ot
od
io
de
, a
n
 A
nd
ov
er
 fu
se
d 
sil
ic
a U
V
 fi
lte
r
(F
S3
26
) w
ith
 
tr
an
sm
iss
io
n 
at
 3
26
 n
rn
 
70
%
) w
ith
 a
 F
W
H
M
 o
f 2
3 
n
m
 w
as
 u
se
d
to
 s
hi
el
d 
th
e 
de
te
ct
or
 f
ro
m
 r
o
o
m
 li
gh
t. 
A
 o
n
e 
in
ch
 d
ia
m
et
er
 f
1l
 C
aF
2 
le
ns
 (J
an
os
) w
as
u
se
d 
to
 fo
cu
s t
he
 li
gh
t o
n
to
 th
e 
ph
ot
od
io
de
 o
r 
to
 fi
ll t
he
 c
at
ho
de
 o
f t
he
 P
M
T.
P 
Po
w
er
 Su
pp
ly
E 
C
FT
 Sp
ec
tro
m
et
er
 
M
 
Lo
ck
-in
A
m
pl
ifi
er
an
d L
ig
ht
 So
ur
ce
 
Lo
ck
ed
 to
 PE
M
A
na
ly
ze
r
Po
la
riz
er
 
G
ro
un
d 
Po
la
riz
er
 D
et
ec
to
r
Fa
st
 Fo
ur
ie
r
Tr
an
sf
ro
m
 Pr
oc
es
sin
g
Fi
gu
re
 6
8 
T-
PE
M
 S
et
up
 F
or
 a
ll 
at
te
m
pt
s a
t t
he
 K
er
r 
m
ea
su
re
m
en
t, 
th
e 
lig
ht
 fr
om
 th
e
in
te
rfe
ro
m
et
er
 w
as
 d
ire
ct
ed
 t
hr
ou
gh
 a
 p
ol
ar
iz
er
 f
ol
lo
w
ed
 b
y 
th
e 
PE
M
. 
Th
e 
lig
ht
 w
as
di
re
ct
ed
 b
et
w
ee
n 
o
n
e 
o
f t
he
 g
ap
s 
be
tw
ee
n 
th
e 
m
id
dl
e 
an
d 
o
u
ts
id
e 
pl
at
es
. 
A
fte
r l
oc
k-
in
de
te
ct
io
n 
at
 t
he
 P
EM
 f
re
qu
en
cy
, t
he
 s
ig
na
l w
as
 p
ro
ce
ss
ed
 w
ith
 th
e 
B
io
Ra
d 
fa
st 
Fo
ur
ie
r
Tr
an
sf
or
m
 so
ftw
ar
e.
Th
e 
sig
na
l f
ro
m
 th
e 
de
te
ct
or
s 
w
as
 d
em
od
ul
at
ed
 w
ith
 P
rin
ce
to
n 
A
pp
lie
d 
R
es
ea
rc
h
(P
AR
) m
o
de
l 
12
4A
 lo
ck
-in
 w
ith
 a
 
PA
R 
11
6 
pr
ea
m
pl
ifi
er
 in
pu
t. 
Th
e 
PA
R 
12
4A
 w
as
ch
os
en
 o
v
er
 o
th
er
 lo
ck
-in
s 
be
ca
us
e 
th
e 
12
4A
 c
o
u
ld
 b
e 
u
se
d 
jus
t a
s 
a 
m
ix
er
 w
ith
ou
t a
n
o
u
tp
ut
 t
im
e 
co
n
st
an
t. 
A
t 
th
e 
fa
ste
r 
Fo
ur
ie
r 
fre
qu
en
ci
es
 u
se
d 
in
 t
he
 f
or
m
al
de
hy
de
ex
pe
rim
en
ts,
 th
is 
in
su
re
d 
th
at
 t
he
 l
oc
k-
in
 d
id
 n
o
t 
di
sto
rt 
th
e 
Fo
ur
ie
r 
fre
qu
en
ci
es
 in
 th
e
11
6
in
te
rfe
ro
gr
ar
n s
ig
na
l. 
Th
e 
se
n
sit
iv
ity
 of
 th
e 
lo
ck
-in
 w
as
 s
el
ec
te
d 
so
 th
at
 th
e 
lo
ck
-in
 o
u
tp
ut
sig
na
l f
ill
ed
 th
e 
B
io
Ra
d 
A
/D
 c
o
n
v
er
te
r 
±
 1
0 V
). 
Th
e B
io
Ra
d 
sig
na
l p
ro
ce
ss
in
g 
w
as
 u
se
d
af
te
r t
he
 lo
ck
-in
 to
 c
o
lle
ct
 th
e 
in
te
rfe
ro
gr
am
 a
n
d 
to
 c
o
n
v
er
t 
th
e 
in
te
rfe
ro
gr
am
 to
 a
 p
ow
er
sp
ec
tru
m
.
Th
e 
fo
rm
al
de
hy
de
 
w
as
 
cr
ac
ke
d 
fro
m
 
pa
ra
-fo
rm
al
de
hy
de
 
(A
ldr
ich
). 
Th
e
sy
nt
he
siz
ed
 fo
rm
al
de
hy
de
 w
as
 t
rip
ly
 d
ist
ill
ed
 fr
om
 a
 d
ry
 ic
e-
ac
et
on
e 
co
o
le
d 
co
ld
 f
ge
r
(19
6 K
) t
o 
a 
liq
ui
d 
n
itr
og
en
 c
hi
lle
d 
fin
ge
r 
77
 K
). 
Fi
ve
 g
ra
m
s 
w
er
e 
pr
ep
ar
ed
 a
t 
a 
tim
e.
Th
e f
or
m
al
de
hy
de
 w
as
 s
to
re
d 
in
 a
 d
ry
 ic
e 
an
d 
ac
et
on
e 
ba
th
. 
W
ith
ou
t t
he
 c
o
ld
 st
or
ag
e,
 th
e
po
ly
m
er
iz
at
io
n o
f t
he
 fo
rm
al
de
hy
de
, a
 h
ig
hl
y 
ex
o
th
er
m
ic
 re
ac
tio
n,
 w
o
u
ld
 d
es
tro
y 
th
e 
gl
as
s
st
or
ag
e v
es
se
ls 
u
se
d.
A
tte
m
pt
s 
at
 K
er
r 
sp
ec
tra
 w
er
e 
co
lle
ct
ed
 at
 v
ap
or
 p
re
ss
ur
es
 b
et
w
ee
n 
o
n
e 
an
d 
ei
gh
t
To
ff.
 F
ie
ld
 st
re
ng
th
s 
be
tw
ee
n 
I 
M
cm
 
an
d 
10
 k
V
/c
m
 w
er
e 
ap
pl
ie
d 
to
 t
he
 f
or
m
al
de
hy
de
sa
m
pl
es
 fo
r 
th
e 
K
er
r 
m
ea
su
re
m
en
ts
. 
A
bo
ve
 a
n
 a
pp
lie
d 
fie
ld
 o
f 2
5 
kV
/c
rn
, t
he
 c
el
l w
as
fil
le
d w
ith
 2
00
-4
00
 T
or
r 
o
f S
F6
 to
 p
re
ve
nt
 e
le
ct
ric
al
 d
isc
ha
rg
es
. 
Fo
r 
a 
fie
ld
 o
f 1
2 
kV
/c
m
an
d 
a 
fo
rm
al
de
hy
de
 p
re
ss
ur
e 
o
f 
To
rr
, B
rid
ge
, H
an
er
, a
n
d 
D
ow
s 
w
er
e 
ab
le
 to
 s
ee
 
1.
5%
tr
an
sm
iss
io
n t
hr
ou
gh
 th
ei
r 
I 
m
 p
at
hl
en
gt
h 
K
er
r c
el
l i
n 
th
e 
cl
as
sic
 K
er
r 
ap
pa
ra
tu
s 
fo
r s
o
m
e
o
f t
he
 ro
ta
tio
na
l l
in
es
 fo
r t
hi
s b
an
d 
o
f f
or
m
al
de
hy
de
. 14
6.
6 
Fo
rm
al
de
hy
de
 U
ltr
av
io
le
t K
er
r E
ffe
ct
: 
R
es
ul
ts
A
lth
ou
gh
 a
bs
or
pt
io
n 
sp
ec
tra
 o
f f
or
m
al
de
hy
de
 c
o
u
ld
 b
e 
re
co
rd
ed
 in
 th
e 
u
ltr
av
io
le
t,
th
e 
in
te
rfe
ro
m
et
er
 l
ac
ke
d 
th
e 
st
ab
ili
ty
 n
ec
es
sa
ry
 f
or
 t
he
 m
ea
su
re
m
en
t 
o
f 
th
e 
K
er
r
11
7
sp
ec
tru
m
. 
Th
e 
st
ab
ili
ty
 p
ro
bl
em
 o
f t
he
 in
te
rfi
er
om
et
er
 w
hi
le
 o
pe
ra
tin
g 
in
 th
e 
u
ltr
av
io
le
t
w
as
 e
x
pe
rim
en
ta
lly
 ve
rif
ie
d 
du
rin
g 
th
e 
fre
qu
en
cy
 c
al
ib
ra
tio
n 
o
f a
n
 A
co
us
to
-o
pt
ic
 T
un
ab
le
Fi
lte
r (
AO
TF
) a
ro
u
n
d 
30
0 
m
. 
In
 t
ha
t 
ca
lib
ra
tio
n,
 th
e 
B
io
Ra
d 
FT
S6
0A
 w
as
 u
se
d 
to
m
ea
su
re
 t
he
 3
 0-
40
 
m
7 1
 op
tic
al
 b
an
dp
as
s 
o
f t
he
 A
O
TR
 
It 
w
as
 n
o
te
d 
du
rin
g 
a 
se
rie
s 
o
f
sin
gl
e 
be
am
 c
o
lle
ct
io
ns
 th
at
 t
he
 A
O
TF
 b
an
dp
as
s 
fe
at
ur
e 
in
 th
e 
po
w
er
 s
pe
ct
ru
m
 w
o
u
ld
di
sa
pp
ea
r w
hi
le
 th
e 
in
te
rfi
er
og
ra
m
 w
as
 s
til
l d
et
ec
te
d 
o
n
 t
he
 P
N
1T
. 
Th
e 
di
sa
pp
ea
ra
nc
e 
o
f
th
e 
sin
gl
e 
be
am
 p
ow
er
 
sp
ec
tru
m
 i
s 
m
o
st
 
lik
el
y 
th
e 
re
su
lt 
o
f 
th
e 
in
sta
bi
lit
y 
o
f 
th
e
in
te
rfe
ro
m
et
er
. 
A
s 
w
as
 n
o
te
d 
in
 C
ha
pt
er
 T
w
o,
 th
e 
in
te
rfe
ro
m
et
er
 is
 a
u
to
m
at
ic
al
ly
 al
ig
ne
d
so
 th
at
 th
e 
m
o
v
in
g 
m
irr
or
 a
n
d 
fix
ed
 m
irr
or
 a
re
 a
lw
ay
s c
o
pl
an
ar
. 
O
ne
 o
f t
he
 m
o
st
 d
iff
ic
ul
t
pr
ob
le
m
s 
w
ith
 t
he
 B
io
Ra
d 
FT
S6
0A
 i
nt
er
fe
ro
m
et
er
 i
s 
th
e 
in
sta
bi
lit
y 
o
f 
th
e 
au
to
m
at
ed
dy
na
m
ic
 a
lig
nm
en
t. 
Fo
r 
th
e 
lo
ng
 i
nf
ra
re
d 
w
av
el
en
gt
hs
, 
th
e 
in
sta
bi
lit
y 
is 
n
o
t 
as
 s
ig
ni
fic
an
t
as
 it
 is
 fo
r t
he
 s
ho
rte
r u
ltr
av
io
le
t w
av
el
en
gt
hs
. 
To
 iu
str
at
e,
 
if 
fro
m
 o
n
e 
sc
an
 to
 t
he
 n
ex
t
th
e 
m
irr
or
s.a
re
 
sh
ift
ed
 b
y 
o
n
e 
qu
ar
te
r 
o
f 
th
e 
H
eN
e 
la
se
r 
w
av
el
en
gt
h,
 t
he
in
te
rfe
ro
m
et
er
 w
ill
 b
e 
m
isa
lig
ne
d 
by
 n
ea
rly
 h
al
f 
o
f 
a 
w
av
el
en
gt
h 
fo
r 
th
e 
u
ltr
av
io
le
t
w
av
el
en
gt
hs
 n
ea
r 
th
e 
fo
rm
al
de
hy
de
 b
an
d.
 
Fo
r 
th
e 
m
isa
lig
ne
d 
H
eN
e 
in
te
rfe
ro
gr
am
s, 
th
e
av
er
ag
e 
o
f 
su
cc
es
siv
e 
in
te
rfe
ro
gr
am
s 
w
ill
 e
x
hi
bi
t 
o
n
ly
 p
ar
tia
l 
ca
n
ce
lla
tio
n 
w
hi
le
 t
he
av
er
ag
e f
or
 th
e 
u
ltr
av
io
le
t i
nt
er
fe
ro
gr
am
s m
ay
 b
e 
co
m
pl
et
el
y 
ca
n
ce
le
d.
Th
e 
er
ro
r 
in
 th
e 
m
irr
or
 p
os
iti
on
s i
s e
x
ac
er
ba
te
d 
by
 th
e 
w
ay
 th
e 
ze
ro
 p
at
h 
di
ffe
re
nc
e
o
f t
he
 in
te
rfe
ro
m
et
er
 is
 d
et
er
m
in
ed
. T
he
 ze
ro
 p
at
h 
di
ffe
re
nc
e i
s t
he
 p
os
iti
on
 o
f t
he
 m
o
v
in
g
m
irr
or
 w
he
re
 th
e 
m
o
v
in
g 
an
d 
st
at
io
na
ry
 m
irr
or
s 
ar
e 
eq
ui
di
sta
nt
 f
ro
m
 th
e 
be
am
sp
ht
te
r,.
Th
e z
er
o
 p
at
h 
di
ffe
re
nc
e i
s d
et
er
m
in
ed
 to
 b
e 
th
e 
la
rg
es
t n
eg
at
iv
e p
ea
k 
in
 th
e 
in
te
rfe
ro
gr
am
by
 th
e 
FT
S6
0A
 c
o
n
tr
ol
 e
le
ct
ro
ni
cs
. 
A
pp
ro
pr
ia
te
 d
et
er
m
in
at
io
n 
o
f t
he
 z
er
o
 p
at
h 
di
ffe
re
nc
e
11
8
is 
im
po
rta
nt
 b
ec
au
se
 t
he
 s
o
ftw
ar
e 
o
f 
th
e 
B
io
Ra
d 
pe
rfo
rm
s 
th
e 
fa
st 
Fo
ur
ie
r 
tr
an
sf
or
m
(F
FT
) 
fro
m
 t
hi
s 
po
in
t. 
If 
be
tw
ee
n 
sc
an
s 
th
e 
ze
ro
 
po
in
t 
is 
sh
ift
ed
 s
lig
ht
ly
 d
ue
 t
o
m
is 
o
f t
he
 m
irr
or
s, 
th
e 
sh
ift
 ca
n
 le
ad
 to
 e
rr
o
rs
 in
 th
e 
FF
T 
an
d 
ca
n
ce
lla
tio
n o
f t
he
sig
na
l. 
In
 th
e 
A
O
TF
 c
al
ib
ra
tio
n 
sc
an
s,
 t
he
 p
ro
bl
em
 le
d 
to
 a
 s
o
ftw
ar
e 
er
ro
r 
th
at
 in
di
ca
te
d
th
er
e 
w
as
 
n
o
 
di
sti
ng
ui
sh
ab
le
 z
er
o
 
pa
th
 
di
ffe
re
nc
e 
an
d 
to
 
th
e 
al
re
ad
y 
m
en
tio
ne
d
di
sa
pp
ea
ra
nc
e o
f t
he
 b
an
dp
as
s f
ea
tu
re
 o
f t
he
 A
O
TF
 in
 th
e 
po
w
er
 s
pe
ct
ru
m
. 
Th
e p
ro
bl
em
is 
le
ss
 p
ro
no
un
ce
d 
fo
r s
ca
n
s 
w
he
n 
th
er
e 
is 
a 
br
oa
d 
sp
ec
tra
l s
o
u
rc
e 
su
ch
 a
s 
th
e 
X
en
on
 a
rc
la
m
p.
 
H
ow
ev
er
, 
ev
en
 f
or
 t
he
 b
ro
ad
 b
an
d 
M
er
cu
ry
 a
rc
 l
am
p 
so
u
rc
e,
 
w
hi
ch
 h
as
 m
o
re
st
ru
ct
ur
e 
th
an
 t
he
 X
en
on
 a
rc
, 
th
er
e 
w
er
e 
pr
ob
le
m
s w
ith
 th
e 
di
sa
pp
ea
ra
nc
e 
o
f M
er
cu
ry
sp
ec
tra
l f
ea
tu
re
s. 
In
 t
he
 e
n
d,
 th
e 
B
io
Ra
d 
FT
S6
0A
 is
 m
o
re
 s
ta
bl
e 
fo
r 
sin
gl
e 
fre
qu
en
cy
n
ar
ro
w
 
fe
at
ur
es
 o
n
 
a 
br
oa
d 
po
w
er
 s
pe
ct
ru
m
 t
ha
n 
fo
r 
sim
ila
r f
ea
tu
re
s 
ag
ai
ns
t 
a 
ze
ro
ba
ck
gr
ou
nd
.
Tw
o 
ap
pr
oa
ch
es
 w
er
e 
ta
ke
n 
to
 r
em
ed
y 
th
e 
pr
ob
le
m
 o
f i
nt
er
fe
ro
m
et
er
 in
sta
bi
lit
y.
Th
e 
fir
st 
w
as
 b
as
ed
 o
n
 t
he
 c
o
rr
ec
tio
n 
pr
op
os
ed
 b
y 
K
ei
de
rli
ng
 fo
r 
hi
s 
B
io
Ra
d 
FT
S6
0A
in
te
rfe
ro
m
et
er
 
w
he
re
 
he
 
ex
pe
rie
nc
ed
 
a 
sim
ila
r 
pr
ob
le
m
 
o
f 
ze
ro
 
pa
th
 
di
ffe
re
nc
e
de
te
rm
in
at
io
n 
in
 V
CD
. 1
5 
In
 K
ei
de
rli
ng
's 
V
CD
 e
x
pe
rim
en
ts,
 t
he
 z
er
o
 
pa
th
 d
iff
er
en
ce
pr
ob
le
m
 w
as
 r
em
ed
ie
d 
by
 t
he
 u
se
 
o
f 
a 
se
co
n
d 
de
te
ct
or
 p
la
ce
d 
im
m
ed
ia
te
ly
 a
fte
r 
th
e
in
te
rfe
ro
m
et
er
. 
Th
is 
se
co
n
d 
de
te
ct
or
 s
am
pl
ed
 a
 p
or
tio
n 
o
f t
he
 a
m
pl
itu
de
 m
o
du
la
te
d 
be
am
ex
iti
ng
 th
e 
in
te
rfe
ro
m
et
er
 a
n
d 
w
o
u
ld
 th
us
 c
o
lle
ct
 th
e 
in
te
rfe
ro
gr
am
. o
f t
he
 li
gh
t s
o
u
rc
e.
 
If
th
e 
se
co
n
d 
de
te
ct
or
 s
gn
al
 w
as
 a
dd
ed
 to
 t
he
 s
ig
na
l f
ro
m
 th
e 
o
pt
ic
al
 a
ct
iv
ity
 d
et
ec
to
r, 
an
in
te
rfe
ro
gr
am
 w
ith
 a
 
la
rg
e 
ze
ro
 
pa
th
 d
iff
er
en
ce
 s
ig
na
l r
es
u
lte
d 
an
d 
th
e 
o
pt
ic
al
 a
ct
iv
ity
sp
ec
tru
m
 c
o
u
ld
 b
e 
pr
oc
es
se
d 
by
 t
he
 B
io
Ra
d 
el
ec
tro
ni
cs
 a
n
d 
so
ftw
ar
e.
 
K
ei
de
rli
ng
 a
lso
11
9
su
gg
es
te
d 
th
at
 th
e 
se
co
n
d 
de
te
ct
or
 s
ho
ul
d h
av
e a
 d
iff
er
en
t s
pe
ct
ra
l r
es
po
ns
e 
th
an
 th
e 
V
CD
de
te
ct
or
. 
Th
is 
w
o
u
ld
 e
n
ab
le
 th
e 
o
pt
ic
al
 a
ct
iv
ity
 to
 s
til
l b
e 
se
en
 a
ga
in
st 
a 
ze
ro
 b
ac
kg
ro
un
d.
U
nf
or
tu
na
te
ly
, i
n 
th
e 
u
ltr
av
io
le
t c
as
e 
th
e 
in
te
rfe
ro
m
et
er
 in
sta
bi
lit
y 
w
as
 ju
st 
to
o 
la
rg
e 
fo
r
th
e 
co
rr
ec
tio
n 
pr
ov
id
ed
 b
y 
lo
ng
er
 w
av
el
en
gt
h 
in
te
rfe
ro
gr
am
 m
ix
ed
 w
ith
 th
e 
K
er
r 
sig
na
ls.
Co
rre
ct
io
n 
o
f t
he
 p
ro
bl
em
 a
t 
sh
or
te
r w
av
el
en
gt
h w
as
 n
o
t 
po
ss
ib
le
 as
 t
he
 b
ea
m
sp
lit
te
r w
as
o
pa
qu
e 
fo
r 
th
es
e 
w
av
el
en
gt
hs
. 
Th
e 
se
co
n
d 
m
et
ho
d 
fo
r 
o
v
er
co
m
in
g 
th
e 
in
te
rfi
er
om
et
er
in
sta
bi
lit
y w
as
 t
o 
u
se
 a
 2
54
.6
 n
 
qu
ar
te
r-w
av
ep
la
te
 b
et
w
ee
n 
th
e 
po
la
riz
er
s. 
Th
e 
m
u
lti
-
o
rd
er
 w
av
ep
la
te
 p
ro
du
ce
d 
a 
sin
us
oi
da
l b
ire
ffi
ng
en
ce
 po
w
er
 s
pe
ct
ru
m
 w
hi
ch
 le
d 
to
 a
 la
rg
e
ze
ro
 p
at
h 
di
ffe
re
nc
e 
sig
na
l in
 th
e 
in
te
rfe
ro
gr
am
. 
A
lth
ou
gh
 th
e 
w
av
ep
la
te
 p
ro
du
ce
d 
a 
la
rg
e
ze
ro
 
pa
th
 d
iff
er
en
ce
 s
ig
na
l, 
th
e 
ba
ck
gr
ou
nd
 b
ire
ffi
ng
en
ce
 o
v
er
w
he
lm
ed
 a
n
y 
po
ss
ib
le
fo
rm
al
de
hy
de
 K
er
r 
sig
na
l a
s 
ca
n
 b
e 
sh
ow
n 
fro
m
 t
he
 e
x
pr
es
sio
ns
 f
or
 t
he
 P
EM
 s
ig
na
l
ge
ne
ra
te
d 
ea
rli
er
 in
 th
is 
ch
ap
te
r.
B
ec
au
se
 t
he
 p
rim
ar
y 
go
al
 w
as
 t
o 
m
ea
su
re
 t
he
 K
er
r 
ef
fe
ct
 w
ith
 a
 P
EM
 a
n
d 
FT
 i
n
th
e 
in
fra
re
d,
 n
o
 f
in
th
er
 a
tte
m
pt
s w
er
e 
ta
ke
n 
to
 im
pr
ov
e 
th
e 
u
ltr
av
io
le
t s
ys
te
m
 d
ev
el
op
ed
fo
r f
or
m
al
de
hy
de
. 
It 
ce
rt
ai
nl
y i
s p
os
sib
le
 to
 re
pl
ac
e 
th
e F
T 
w
ith
 a
 U
V
 m
o
n
o
ch
ro
m
at
or
 a
n
d
re
pe
at
 th
e 
ex
pe
rim
en
t f
or
 f
or
m
al
de
hy
de
, b
ut
 th
at
 m
ea
su
re
m
en
t 
w
o
u
ld
 n
o
t 
be
 d
ire
ct
ed
 a
t
ad
dr
es
sin
g t
he
 e
x
pl
os
iv
es
 de
te
ct
io
n 
pr
ob
le
m
.
6.
7 
Fl
uo
ro
fo
rm
 N
ea
r-
IR
 K
ti-
r E
ffe
ct
A
fte
r 
th
e 
u
ltr
av
io
le
t f
or
m
al
de
hy
de
 e
x
pe
rim
en
ts 
w
er
e 
ab
an
do
ne
d,
 m
ea
su
re
m
en
ts
w
er
e 
m
ad
e 
in
 th
e 
n
ea
r-
IR
 o
n
 t
he
 o
v
er
to
ne
 b
an
ds
 o
f f
lu
or
of
or
m
. b
et
w
ee
n 
60
00
 a
n
d 
90
00
12
0
cm
7'
 u
sin
g 
a 
cl
as
sic
 K
er
r 
m
ea
su
re
m
en
t 
se
tu
p 
ba
se
d 
o
n
 
th
e 
B
io
Ra
d 
FT
S6
0A
. 
Th
e
flu
or
of
or
m
 m
ea
su
re
m
en
ts
 w
er
e 
pu
rs
ue
d 
as
 
a 
pr
oo
f 
o
f 
th
e 
siz
e 
o
f 
th
e 
K
ef
f 
ef
fe
ct
 f
or
v
ib
ra
tio
na
l b
an
ds
. 
B
ec
au
se
 th
e 
u
ltr
av
io
le
t K
ef
f s
et
up
 c
o
u
ld
 b
e 
u
se
d 
to
 m
ak
e 
th
e 
n
ea
r-
IR
m
ea
su
re
m
en
ts
 
w
ith
 
o
n
ly
 m
in
or
 
m
o
di
fic
at
io
ns
, 
th
e 
flu
or
of
or
m
. m
ea
su
re
m
en
ts
 
w
er
e
co
n
du
ct
ed
 w
hi
le
 th
e 
in
fra
re
d K
er
r m
ea
su
re
m
en
t a
pp
ar
at
us
 w
as
 a
ss
em
bl
ed
.
A
 c
la
ss
ic
 K
ef
f 
se
tu
p 
ba
se
d 
o
n
 t
he
 e
le
m
en
ts 
o
f 
th
e 
fo
rm
al
de
hy
de
 m
ea
su
re
m
en
t
ap
pa
ra
tu
s 
w
as
 u
se
d 
fo
r 
th
e 
flu
or
of
or
m
 e
x
pe
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lib
ra
te
d 
w
ith
 N
02
 
ab
so
rp
tio
n 
lin
es
u
sin
g 
th
e 
H
IT
R
A
N
 s
pe
ct
ra
l d
at
ab
as
e.
' 
Fi
ts 
o
f t
he
 f
re
qu
en
cy
 v
er
su
s 
la
se
r 
cu
rr
en
t 
w
er
e
do
ne
 w
ith
 a
 
hi
rd
 o
rd
er
 p
ol
yn
om
ia
l w
ith
 a
n
 a
cc
u
ra
cy
 o
f +
-0
.0
02
 cr
n
7l
. I
n 
ad
di
tio
n,
 th
e 
la
se
r
o
u
tp
ut
 f
re
qu
en
ci
es
 a
n
d 
m
u
lti
m
od
e 
ch
ar
ac
te
ris
tic
s w
er
e 
in
de
pe
nd
en
tly
 m
ea
su
re
d 
w
ith
 th
e
B
io
Ra
d 
FT
S6
0A
. 
B
as
ed
 o
n
 t
he
 F
TS
 c
al
ib
ra
tio
n 
an
d 
ch
ar
ac
te
riz
at
io
n,
 m
u
lti
m
od
e 
o
u
tp
ut
w
as
 n
o
t a
 p
ro
bl
em
 fo
r t
he
 sm
al
l s
pe
ct
ra
l r
eg
io
ns
 m
ea
su
re
d.
12
7
Th
e 
o
u
tp
ut
 o
f t
he
 l
as
er
 w
as
 c
ho
pp
ed
 a
t 
I 
kH
z 
w
ith
 a
 m
ec
ha
ni
ca
l c
ho
pp
er
. 
Th
e
lig
ht
 fr
om
 th
e 
la
se
r w
as
 c
o
lli
m
at
ed
 w
ith
 a
 J
an
os
 9
0' 
o
ff-
a3
ds
 pa
ra
bo
lic
 g
ol
d 
m
irr
or
. 
Th
e
o
n
e 
in
ch
 b
ea
m
 d
iv
er
ge
nc
e 
w
as
 le
ss
 th
an
 1
.5
'. 
Fo
r 
so
m
e 
m
ea
su
re
m
en
ts
 w
ith
 th
e 
n
ar
ro
w
ga
p 
St
ar
k 
pl
at
es
, t
he
 b
ea
m
 w
as
 f
oc
us
ed
 o
n
to
 th
e 
de
te
ct
or
 to
 li
m
it 
de
po
la
riz
in
g 
re
fle
ct
io
ns
fro
m
 th
e 
St
ar
k 
pl
at
es
. 
Tw
o 
go
ld
 m
irr
or
 f
la
ts 
w
er
e 
u
se
d 
to
 d
ire
ct
 th
e 
lig
ht
 th
ro
ug
h 
th
e
St
ar
k 
pl
at
es
 in
 th
e 
ce
ll.
 A
n 
ap
er
tu
re
 a
t t
he
 K
er
r 
ce
ll,
 fr
on
t w
in
do
w
 w
as
 u
se
d 
to
 d
ec
re
as
e
th
e 
be
am
 di
am
et
er
 to
 I
 m
m
. 
Th
e 
di
am
et
er
 w
as
 d
im
in
ish
ed
 to
 li
m
it 
de
po
la
riz
in
g r
ef
le
ct
io
ns
fro
m
 th
e 
pl
at
es
. 
A
fte
r t
he
 li
gh
t h
ad
 tr
av
er
se
d 
th
e 
fir
st 
po
la
riz
er
 an
d 
th
e 
K
er
r 
ce
ll,
 3
5 
o
f
th
e 
lig
ht
 w
as
 d
ire
ct
ed
 t
o 
o
n
e 
o
f 
th
e 
de
te
ct
or
s 
w
ith
 a
 G
er
m
an
iu
m
 b
ea
m
 s
pl
itt
er
. 
Th
e
re
m
ai
nd
er
 o
f t
he
 li
gh
t w
as
 p
ol
ar
iz
at
io
n 
an
al
yz
ed
 w
ith
 a
 s
ec
o
n
d 
Ca
F2
 w
ire
 g
rid
 p
ol
ar
iz
er
 in
fro
nt
 o
f t
he
 s
ec
o
n
d 
de
te
ct
or
. 
Th
e 
po
la
riz
er
s 
w
er
e 
M
ol
ec
tro
n 
Ca
F2
 w
ire
 g
rid
 p
ol
ar
iz
er
s
(IG
P2
77
-25
) 
o
rig
in
al
ly
 s
el
ec
te
' 
fo
r 
br
oa
db
an
d 
in
fra
re
d 
po
la
riz
in
g 
fim
ct
io
na
lit
y.
 
Th
e
de
te
ct
or
s 
w
er
e 
m
at
ch
ed
 l
iq
ui
d-
ni
tro
ge
n-
co
ol
ed
 E
le
ct
ro
-o
pt
ic
al
 S
ys
te
m
s 
M
CT
 d
et
ec
to
rs
(D
* 
=
 
I 
x
 1
0'0
 cm
 H
z'/
W
 
at
 6
 p
m
) w
ith
 p
re
am
pl
ifi
er
s. 
Th
e 
pr
ea
m
pi
lif
ie
r w
as
 s
et
 f
or
ga
in
 o
f I
 
00
. 
To
 fi
ll t
he
 I
 m
 
de
te
ct
io
n 
el
em
en
t o
f t
he
 d
et
ec
to
rs
, a
n
 V
I 
le
ns
 w
as
 u
se
d 
to
fo
cu
s 
th
e 
lig
ht
 o
n
to
 b
ot
h 
de
te
ct
or
s. 
Th
e 
sig
na
ls 
fro
m
 th
e 
tw
o 
M
CT
 d
et
ec
to
rs
 w
er
e
de
m
od
ul
at
ed
 w
ith
 a
 
St
an
fo
rd
 R
es
ea
rc
h 
Sy
ste
m
s 
SR
51
0,
 a
n
d 
an
 
Ith
ac
o 
39
90
 D
yn
at
ra
c
lo
ck
-in
 a
m
pl
ifi
er
s.
12
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W
,-r
rrp
il
IV r
ft, MU=
Fi
gu
re
 7
2 
C
la
ss
ic
 K
er
r I
nf
ra
re
d 
La
se
r D
io
de
 S
et
up
 T
he
 li
gh
t f
ro
m
 th
e 
in
fra
re
d 
di
od
e
la
se
r w
as
 c
ho
pp
ed
 a
t 
I 
kH
z 
w
ith
 a
 m
ec
ha
ni
ca
l c
ho
pp
er
. 
Th
e 
lig
ht
 a
fte
r t
he
 c
ho
pp
er
 w
as
co
lli
m
at
ed
 w
ith
 a
 9
00
 o
ff-
a)d
s p
ar
ab
ol
ic
 m
irr
or
. 
A
 p
or
tio
n 
o
f t
he
 c
o
lli
m
at
ed
 b
ea
m
 w
as
di
re
ct
ed
 in
to
 th
e 
re
fe
re
nc
e 
ce
ll 
fo
r f
re
qu
en
cy
 c
al
ib
ra
tio
n o
f t
he
 so
u
rc
e.
 
A
fte
r t
ra
ve
rs
in
g 
th
e
fir
st 
po
la
riz
ed
 an
d 
th
e 
K
er
r 
ce
ll,
 35
%
 o
f t
he
 li
gh
t w
as
 d
ire
ct
ed
 o
n
to
 th
e 
fir
st 
M
CT
 d
et
ec
to
r
w
ith
 a
 G
e 
be
am
 sp
lit
te
r. 
Th
e 
re
m
ai
nd
er
 o
f t
he
 li
gh
t w
as
 a
n
al
yz
ed
 w
ith
 a
 s
ec
o
n
d 
po
la
riz
er
.
A
fte
r 
de
m
od
ul
at
io
n 
w
ith
 t
he
 l
oc
k-
in
s, 
th
e 
th
re
e 
de
te
ct
or
 
o
u
tp
ut
s 
w
er
e 
st
or
ed
 a
n
d
pr
oc
es
se
d 
w
ith
 a
 p
er
so
na
l c
o
m
pu
te
r.
A
 p
or
tio
n 
o
f t
he
 b
ea
m
 w
as
 d
ire
ct
ed
 in
to
 a
 9
 c
m
 p
at
hl
en
gt
h 
ga
s 
ce
ll 
co
n
ta
in
in
g 2
00
-
50
0 m
To
rr
 o
f N
02
 
fo
r f
re
qu
en
cy
 ca
lib
ra
tio
n 
o
f t
he
 la
se
r. 
Th
e l
as
er
 ra
di
at
io
n 
w
as
 d
et
ec
te
d
af
te
r 
th
e 
w
av
el
en
gt
h 
ca
lib
ra
tio
n 
ce
ll 
w
ith
 a
 
Sa
nt
a 
B
ar
ba
ra
 R
es
ea
rc
h 
A
ss
oc
ia
te
s 
M
CT
de
te
ct
or
. 
Th
e 
sig
na
l f
ro
m
 th
e 
de
te
ct
or
s 
pr
ea
m
pl
ifi
er
 w
as
 d
em
od
ul
at
ed
 w
ith
 a
 P
rin
ce
to
n
A
pp
lie
d 
R
es
ea
rc
h 
(P
AR
) 1
24
A
 lo
ck
-in
 a
m
pl
ifi
er
 w
ith
 P
A
R 
II
 6
 p
re
am
pl
ifi
er
. 
Th
e o
u
tp
ut
s
o
f a
ll 
th
re
e 
o
f t
he
 lo
ck
-in
s w
er
e 
di
gi
tiz
ed
 w
ith
 a
 D
at
a 
Tr
an
sla
tio
n 
bi
t A
/D
 c
ar
d 
(D
T5
71
2-
PG
H
). 
Th
e 
sig
na
ls 
w
er
e 
st
or
ed
 a
n
d 
pr
oc
es
se
d 
w
ith
 a
 p
er
so
na
l c
o
m
pu
te
r.
12
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7.
3 
Ex
pe
rim
en
ta
l P
ro
ce
du
re
s
N
itr
om
et
ha
ne
 w
as
 p
ur
ch
as
ed
 fr
om
 S
i am
a.
 
Th
e n
itr
om
et
ha
ne
 w
as
 v
ac
u
u
m
 d
ist
ill
ed
.
M
at
he
so
n 
N
02
, 
w
ith
ou
t 
pu
rif
ic
at
io
n,
 w
as
 u
se
d 
fo
r 
fre
qu
en
cy
 c
al
ib
ra
tio
n 
an
d 
fo
r 
K
er
r
m
ea
su
re
m
en
t 
at
te
m
pt
s. 
B
ot
h 
th
e 
fre
qu
en
cy
 c
al
ib
ra
tio
n 
ce
ll 
an
d 
th
e 
K
er
r 
ce
ll 
w
er
e 
fin
ed
fro
m
 ro
o
m
 te
m
pe
ra
tu
re
 v
ap
or
 p
re
ss
ur
e 
sa
m
pl
es
 o
f N
02
 
an
d 
n
itr
om
et
ha
ne
. 
In
 th
e 
K
er
r 
ce
ll
n
itr
om
et
ha
ne
 w
as
 a
bs
or
be
d 
by
 th
e 
V
ito
n 
O
-ri
ng
s a
n
d 
th
e 
te
flo
n 
st
op
co
ck
s 
v
er
 d
ay
s. 
Fo
r
th
is 
re
as
o
n
, 
th
e 
ce
ll 
ha
d 
to
 b
e 
pu
m
pe
d 
fo
r 
at
 l
ea
st 
tw
el
ve
 h
ou
rs
 t
o 
re
tu
rn
 t
o 
a 
fla
t
ab
so
rp
tio
n 
ba
se
lin
e 
af
te
r 
ex
te
nd
ed
 e
x
po
su
re
s t
o 
n
itr
om
et
ha
ne
. 
Ev
en
tu
al
ly
 th
e 
st
op
co
ck
s
an
d 
O
-ri
ng
s h
ad
 to
 b
e 
re
pl
ac
ed
 a
s 
th
ey
 b
ec
am
e 
a 
n
ea
r 
pe
rm
an
en
t s
o
u
rc
e 
o
f n
itr
om
et
ha
ne
.
B
ec
au
se
 
th
e 
re
fle
ct
io
ns
 f
ro
m
 t
he
 S
ta
rk
 p
la
te
s 
de
po
la
riz
ed
 t
he
 
lig
ht
, 
o
pt
ic
al
al
ig
nm
en
t w
as
 
cr
u
ci
al
 to
 th
es
e 
ex
pe
rim
en
ts.
 A
s m
en
tio
ne
d,
 th
e 
lig
ht
 w
as
 d
ire
ct
ed
 th
ro
ug
h
th
e 
ce
ll 
w
ith
 t
w
o 
m
irr
or
s 
fo
r 
v
er
tic
al
 a
n
d 
ho
riz
on
ta
l 
ad
jus
tm
en
t. 
Th
e 
w
ed
ge
d 
Ca
F2
w
in
do
w
s 
o
f t
he
 c
el
l d
ef
le
ct
ed
 th
e 
be
am
 a
n
d 
th
e 
de
fle
ct
io
n 
(0.
5 
) h
ad
 to
 b
e 
ac
co
u
n
te
d 
fo
r
in
 th
e 
al
ig
nm
en
t 
o
f 
th
e 
sy
ste
m
. 
W
ith
 t
he
 f
irs
t 
in
do
w
 i
n 
pl
ac
e 
an
d 
th
e 
St
ar
k 
pl
at
es
re
m
o
v
ed
 fr
om
 th
e 
ce
ll,
 tw
o 
m
as
ks
 s
im
ul
at
in
g t
he
 a
pe
rtu
re
 o
f t
he
 S
ta
rk
 p
la
te
s w
er
e 
pl
ac
ed
in
 th
e 
ce
ll.
 T
he
 la
se
r w
as
 t
he
n 
al
ig
ne
d t
hr
ou
gh
 th
e 
m
as
ks
. 
O
nc
e 
th
e 
in
iti
al
 
ha
d
be
en
 m
ad
e,
 th
e 
pl
at
es
 w
er
e 
re
tu
rn
ed
 t
o 
th
e 
ce
ll.
 
Th
e 
tr
an
sm
iss
io
n 
th
ro
ug
h 
th
e 
cr
o
ss
ed
po
la
riz
er
s 
af
te
r 
th
is 
ca
re
fu
l 
al
ig
nm
en
t 
w
as
 
be
tw
ee
n 
I 
to
 
3,
 
w
hi
ch
 i
nd
ic
at
es
 s
o
m
e
bi
re
fii
ng
en
ce
 o
r 
de
po
la
riz
at
io
n f
ro
m
 th
e 
pl
at
es
. 
Th
e 
cr
o
ss
ed
 tr
an
sm
iss
io
n 
o
f t
he
 p
ol
ar
iz
er
s
al
on
e w
as
 le
ss
 th
an
 0
9%
. 
B
ec
au
se
 th
e b
ea
m
 o
f t
he
 d
io
de
 la
se
r i
s p
ol
ar
iz
ed
 p
ar
al
le
l t
o 
th
e
13
0
pl
an
e 
o
f t
he
 la
se
r t
ab
le
 to
p,
 th
e 
sig
na
l th
ro
ug
h 
th
e 
fir
st 
po
la
riz
er
 w
as
 m
ax
im
iz
ed
 by
 s
et
tin
g
its
 p
ol
ar
iz
at
io
n 
ai
s 
pa
ra
lle
l t
o 
th
e 
ta
bl
e.
 T
he
 p
ol
ar
iz
at
io
n 
as
 
o
f t
he
 fi
rs
t p
ol
ar
iz
er
 w
as
 s
et
w
ith
 a
 le
ve
l u
sin
g 
th
e 
m
ar
ki
ng
s 
in
di
ca
tin
g 
th
e 
po
la
riz
at
io
n 
ax
is 
o
n
 t
he
 p
ol
ar
iz
er
 m
o
u
n
t.
Th
e 
St
ar
k 
pl
at
es
 w
er
e 
th
en
 ro
ta
te
d 
so
 th
at
 th
e 
n
o
rm
al
 o
f t
he
 S
ta
rk
 p
la
te
 s
u
rfa
ce
 w
as
 a
t 4
5'
w
ith
 r
es
pe
ct
 to
 t
he
 p
la
ne
 o
f t
he
 la
se
r 
ta
bl
e.
 
Th
e 
an
gl
e 
o
f t
he
 p
la
te
s 
w
as
 s
et
 w
ith
 a
 4
5'
cu
tti
ng
 an
gl
e a
n
d 
le
ve
l, 
Th
e 
o
f t
he
 li
gh
t s
ig
na
l o
n
 th
e 
de
te
ct
or
 w
as
 u
se
d 
to
 c
ro
ss
th
e 
po
la
riz
er
s.
Th
e 
de
po
la
riz
at
io
n 
o
f t
he
 li
gh
t v
ia
 th
e 
co
m
bi
na
tio
n 
o
f r
ef
le
ct
io
ns
 f
ro
m
 th
e 
pl
at
es
an
d 
bi
re
fri
ng
en
ce
 of
 th
e 
w
in
do
w
s p
ro
du
ce
d 
a 
ba
ck
gr
ou
nd
 s
ig
na
l i
n 
th
e 
K
er
r 
sp
ec
tra
. 
Th
e
ba
ck
gr
ou
nd
 sp
ec
tra
 w
as
 a
 c
o
n
v
o
lu
tio
n 
o
f t
he
 in
fra
re
d 
tr
an
sm
iss
io
n 
sp
ec
tra
 a
n
d 
th
e 
de
sir
ed
K
er
r s
pe
ct
ra
. 
To
 re
m
o
v
e 
th
e 
tr
an
sm
iss
io
n 
sp
ec
tra
 fr
om
 th
e 
K
er
r 
sp
ec
tra
, t
he
 se
co
n
d 
M
CT
de
te
ct
or
 w
as
 a
dd
ed
 to
 t
he
 s
ys
te
m
. 
A
 r
at
io
 o
f t
he
 tw
o 
sig
na
ls 
o
n
 t
he
 d
et
ec
to
rs
 w
as
 ta
ke
n
to
 r
em
o
v
e 
th
e b
ac
kg
ro
un
d 
tr
an
sm
iss
io
n s
pe
ct
ra
. 
Th
e 
tw
o 
de
te
ct
or
 s
ig
na
l r
at
io
 is
 pr
ef
er
re
d
o
v
er
 a
 s
in
gl
e 
se
qu
en
tia
l s
ca
n
 w
ith
 a
n
d 
w
ith
ou
t t
he
 f
ie
ld
 a
s 
th
e 
sp
ec
tra
 a
re
 a
lte
re
d 
by
 th
e
el
ec
tri
c 
fie
ld
.
Fo
r 
so
m
e 
o
f t
he
 K
er
r 
sp
ec
tra
, t
he
 m
id
dl
e 
pl
at
e 
o
f t
he
 K
er
r 
ce
ll 
w
as
 r
em
o
v
ed
 t
o
in
cr
ea
se
 th
e 
ap
er
tu
re
 s
iz
e 
o
f t
he
 p
la
te
s 
an
d 
to
 
i i
 
e 
re
fle
ct
io
ns
. 
In
 th
es
e 
ex
pe
rim
en
ts
th
e 
ba
ck
gr
ou
nd
 tr
an
sm
iss
io
n 
w
as
 t
ni
ni
m
i e
d 
an
d 
ap
pr
oa
ch
ed
 th
e 
n
o
rm
al
 tr
an
sm
iss
io
n 
o
f
th
e 
cr
o
ss
ed
 p
ol
ar
iz
er
s (
<0
.9%
). 
Th
e 
w
id
e 
ga
p 
St
ar
k 
ce
ll 
w
as
, 
ho
w
ev
er
, 
m
o
re
 s
u
sc
ep
tib
le
to
 a
rc
in
g. Fo
r 
a 
o
f K
er
r 
sp
ec
tra
 s
ca
n
s,
 a
 s
ca
n
 o
f t
he
 d
io
de
 la
se
r m
o
de
 is
 fi
rs
t p
er
fo
rm
ed
 b
y
ra
m
pi
ng
 th
e 
cu
rr
en
t d
el
iv
er
ed
 to
 th
e 
di
od
e.
 W
ith
 n
o
th
in
g 
in
 th
e 
K
er
r 
ce
ll 
an
d 
th
e 
an
al
yz
er
13
1
po
la
riz
er
 r
em
o
v
ed
, t
he
 r
at
io
 o
f t
he
 s
ig
na
ls 
o
n
 t
he
 t
w
o 
de
te
ct
or
s 
w
as
 u
se
d 
to
 s
ca
le
 th
e
re
sp
on
se
 o
f t
he
 t
w
o 
de
te
ct
or
s, 
an
d 
w
ill
 b
e 
re
fe
rre
d 
to
 a
s 
th
e 
sc
al
in
g 
fa
ct
or
. 
A
fte
r 
th
e
ba
ck
gr
ou
nd
 s
ca
n
, 
th
e 
an
al
yz
er
 p
ol
ar
iz
er
 w
as
 r
et
ur
ne
d 
to
 t
he
 s
et
up
, a
n
d 
a 
se
co
n
d 
sc
an
 w
as
ta
ke
n.
 
Th
e 
ra
tio
 o
f 
th
e 
K
er
r 
de
te
ct
or
 s
ig
na
l t
o 
th
e 
ig
na
l 
o
f 
th
e 
se
co
n
d 
M
CT
 w
as
m
u
lti
pl
ie
d b
y 
th
e 
sc
al
in
g f
ac
to
r. 
Th
e 
sc
al
ed
 se
co
n
d 
sc
an
 w
as
 t
he
 b
ac
kg
ro
un
d 
tr
an
sm
iss
io
n
o
f t
he
 c
el
l a
n
d 
cr
o
ss
ed
 p
ol
ar
iz
er
s. 
W
ird
h th
e 
ba
ck
gr
ou
nd
 s
pe
ct
ru
m
 c
o
lle
ct
ed
, t
he
 c
el
l w
as
fil
le
d 
w
ith
 th
e 
de
sir
ed
 p
re
ss
ur
e 
o
f n
itr
om
et
ha
ne
 o
r 
o
th
er
 a
n
al
yt
e.
 
A
 th
ird
 s
ca
n
 w
ith
 n
o
fie
ld
 w
as
 th
en
 ta
ke
n.
 T
hi
s t
hi
rd
 s
ca
n
 w
as
 u
se
d 
to
 c
al
cu
la
te
 th
e 
ab
so
rp
tio
n 
sp
ec
tru
m
. 
Th
e
fin
al
 sc
an
 w
as
 ta
ke
n 
w
ith
 th
e 
el
ec
tri
c 
fie
ld
 ap
pl
ie
d.
 T
he
 r
at
io
 o
f t
he
 tw
o 
de
te
ct
or
 s
ig
na
ls
w
as
 o
n
ce
 a
ga
in
 ta
ke
n 
an
d 
m
u
lti
pl
ie
d 
by
 th
e 
sc
al
in
g f
ac
to
r. 
Th
e 
ba
ck
gr
ou
nd
 tr
an
sm
iss
io
n
sp
ec
tru
m
 w
as
 th
en
 su
bt
ra
ct
ed
 f
ro
m
 th
e 
K
er
r s
pe
ct
ru
m
.
7.
4 
R
es
ul
ts
N
itr
om
et
ha
ne
 K
er
r 
sp
ec
tra
 o
f t
he
 a
sy
m
m
et
ric
 st
re
tc
h 
ba
nd
 o
f n
itr
om
et
ha
ne
 h
av
e
be
en
 re
co
rd
ed
 i
n 
th
re
e 
sp
ec
tra
l r
eg
io
ns
 d
et
er
m
in
ed
 by
 th
e 
m
o
de
 s
tr
uc
tu
re
 o
f t
he
 in
fra
re
d
di
od
e 
la
se
r. 
Th
e 
th
re
e 
re
gi
on
s 
ar
e 
sh
ow
n 
in
 F
ig
s. 
73
, 
74
, 
an
d 
75
. 
Th
es
e 
fig
ur
es
ill
us
tra
te
 th
e 
di
ffe
re
nc
es
 b
et
w
ee
n 
th
e 
co
n
v
en
tio
na
l a
bs
or
pt
io
n 
o
r 
tr
an
sm
iss
io
n 
sp
ec
tra
 a
n
d
th
e 
K
er
r 
sp
ec
tra
. 
W
ith
in
 th
es
e 
re
gi
on
s 
se
v
er
al
 K
er
r 
ac
tiv
e 
fe
at
ur
es
 h
av
e 
em
er
ge
d.
 F
irs
t,
as
 
ex
pe
ct
ed
, 
th
e 
K
er
r 
sp
ec
tra
 f
or
 n
itr
om
et
ha
ne
 h
ad
 f
ew
er
 s
tr
on
g 
tr
an
sit
io
ns
 t
ha
n 
th
e
co
rr
es
po
nd
in
g 
ab
so
rp
tio
n 
sp
ec
tra
. 
Fu
rth
er
m
or
e,
 t
he
 K
er
r 
sig
na
l 
di
d 
n
o
t 
n
ec
es
sa
ril
y
co
rr
es
po
nd
 to
 t
he
 a
bs
or
pt
io
n 
st
re
ng
th
 o
f t
he
 tr
an
sit
io
ns
 in
 th
e 
ab
so
rp
tio
n 
sp
ec
tru
m
 in
 th
e
13
2
v
ic
in
ity
 o
f t
he
 st
ro
ng
 K
er
r f
ea
tu
re
. 
It 
is 
po
stu
la
te
d 
th
at
 th
e 
sp
ec
tra
l s
im
pl
ifi
ca
tio
n n
o
te
d 
in
Fi
gs
. 7
3,
 
74
, 
an
d 
75
 i
s 
du
e 
to
 l
ow
 J
 s
en
sit
iv
ity
 o
f 
th
e 
St
ar
k 
sp
lit
tin
gs
 o
f t
he
 A
M
's.
B
ey
on
d 
in
cr
ea
se
d 
to
ta
l t
ra
ns
m
iss
io
n 
w
ith
 f
ie
ld
, n
o
 
sim
pl
e 
fie
ld
 d
ep
en
de
nc
e 
w
as
 f
ou
nd
.
Fi
gu
re
 7
6 
ill
us
tra
te
s 
ho
w
 th
e 
sig
na
l c
an
 c
ha
ng
e 
w
ith
 e
le
ct
ric
 fi
el
d.
 T
he
 f
ig
ur
e 
in
di
ca
te
s
th
er
e 
ca
n
 b
e c
an
ce
lla
tio
n o
r 
en
ha
nc
em
en
t a
s 
th
e 
fie
ld
 is
 c
ha
ng
ed
 fo
r o
v
er
la
pp
in
g l
in
es
. 
Th
e
la
rg
es
t t
ra
ns
m
iss
io
n 
at
 fi
el
ds
 o
f I
 M
cm
 
an
d 
15
0 m
To
rr
 w
as
 0
5 
fo
r a
t l
ea
st 
o
n
e 
o
r 
tw
o
lin
es
 in
 th
e 
sp
ec
tra
l r
eg
io
ns
 p
ro
be
d.
 A
t f
ie
ld
s l
ar
ge
r t
ha
n 
I 
kV
/c
m
 a
n
d 
at
 p
re
ss
ur
es
 g
re
at
er
th
an
 1
50
 m
To
rr
 a
rc
in
g 
w
as
 a
 p
ro
bl
em
. 
Th
e 
pr
es
su
re
 d
ep
en
de
nc
e 
o
f t
he
 s
ig
na
ls 
w
as
, 
as
sh
ow
n 
in
 C
ha
pt
er
 T
hr
ee
 f
or
 a
 
sy
ste
m
 w
ith
 i
nt
rin
sic
 b
ire
fri
ng
en
ce
 a
n
d 
w
ea
k 
an
al
yt
e
bi
re
ffi
ng
en
ce
 a
n
d 
di
ch
ro
ism
, l
in
ea
rly
 d
ep
en
de
nt
 o
n
 p
re
ss
ur
e.
 
R
et
ur
ni
ng
 to
 t
he
 r
es
u
lts
 o
f
Ch
ap
te
r T
hr
ee
,
Io
 e 
2b
a 
Bb
k 
2
I 
(T
, +
 
(B
 
(7.
3.1
)
de
t 
2 
4
w
he
re
-
6z
" x 
=
 
R
e(r
Izz
xr)
 I
Nw
 
(7.
3.2
)
co
o
In
 E
q.
 
73
.2
), 
is 
th
e 
pa
th
le
ng
th
, 
N
 i
s 
th
e 
co
n
ce
n
tr
at
io
n 
o
f t
he
 m
o
le
cu
le
s, 
is 
th
e
fre
qu
en
cy
 of
 li
gh
t, 
c 
is 
th
e 
sp
ee
d 
o
f l
ig
ht
, a
n
d 
is 
th
e 
pe
rm
itt
hi
ty
 o
f v
ac
u
u
m
. 
Fi
gu
re
 7
7
ill
us
tra
te
s t
he
 li
ne
ar
 de
pe
nd
en
ce
 o
f t
he
 K
er
r 
sig
na
l f
or
 a
 s
tr
on
g 
lin
e a
t 
15
81
.3
5 c
m
7l
.
13
3
In
 o
rd
er
 t
o 
co
rr
el
at
e 
th
e 
o
bs
er
ve
d 
K
er
r 
sp
ec
tra
 t
o 
th
e 
ro
ta
tio
na
l 
st
at
es
 o
f 
a
m
o
le
cu
le
, s
ev
er
al
 a
tte
m
pt
s 
w
er
e 
m
ad
e 
at
 m
ea
su
rin
g 
th
e 
K
ef
f 
sp
ec
tru
m
 o
f N
02
 
n
ea
r 
its
as
ym
m
et
ric
 st
re
tc
h 
ba
nd
 in
 th
e 
sa
m
e 
sp
ec
tra
l r
eg
io
ns
 a
s 
n
itr
om
et
ha
ne
. 
In
 th
e 
fir
st 
co
u
pl
e
o
f s
ca
n
s 
o
f t
he
 K
er
r 
sp
ec
tra
 o
f N
02
, 
th
er
e 
w
er
e 
a 
n
u
m
be
r 
o
f w
ha
t a
pp
ea
re
d 
to
 b
e 
w
ea
k
K
er
r 
ac
tiv
e 
tr
an
sit
io
ns
. 
H
ow
ev
er
, 
it 
w
as
 
di
sc
ov
er
ed
 t
ha
t 
th
e 
K
er
r 
lin
es
 w
er
e 
fro
m
n
itr
om
et
ha
ne
 o
u
t-
ga
sin
g 
fro
m
 th
e 
st
op
co
ck
s 
an
d 
O
-ri
ng
s. 
Th
e 
de
m
on
str
at
io
n 
o
f t
he
 K
er
r
de
te
ct
io
n 
te
ch
ni
qu
e's
 
se
n
sit
iv
ity
 to
 
po
la
r 
m
o
le
cu
le
s 
o
v
er
 
n
o
n
-p
ol
ar
 o
r 
w
ea
kl
y 
po
la
r
m
o
le
cu
le
s w
as
 o
n
e 
o
f t
he
 g
oa
ls 
o
f t
hi
s 
re
se
ar
ch
. 
D
et
ec
tio
n 
o
f n
itr
om
et
ha
ne
 in
 a
 c
el
l w
ith
o
v
er
 a
 th
ou
sa
nd
 t
im
es
 g
re
at
er
 c
o
n
ce
n
tr
at
io
n 
o
f t
he
 w
ea
kl
y 
po
la
r 
N
02
 
w
as
 a
n
 im
po
rta
nt
de
m
on
str
at
io
n 
o
f t
he
 se
le
ct
iv
ity
 of
 th
e 
K
er
r e
ffe
ct
 to
 p
ol
ar
 m
o
le
cu
le
s.
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15
80
.6
 
15
80
.8
 
15
81
.0
 
15
91
2 
15
81
A 
15
81
.6
 
15
81
.8
Fr
eW
.n
.y
 [=
7]
Fi
gu
re
 7
3 
N
itr
om
et
ha
ne
 K
er
r S
pe
ct
ru
m
 1
58
0.
5-
15
81
.9
 cm
-1
. K
er
r 
sp
ec
tru
m
 o
f
n
itr
om
et
ha
ne
 re
co
rd
ed
 w
ith
 3
24
 m
To
rr
 a
n
d 
a 
fie
ld
 o
f 3
00
 V
/c
rn
. 
Th
e 
st
ro
ng
es
t K
er
r
fe
at
ur
e h
as
 a
 tr
an
sm
iss
io
n 
o
f 0
.5
 %
.
13
4
11
R
aq
ua
W
 ad
')
Fi
gu
re
 7
.4
 N
itr
om
et
ha
ne
 K
er
r S
pe
ct
ru
m
 1
58
4.
0-
15
85
.5
 cm
"
. 
Th
e 
K
ef
f s
pe
ct
ru
m
 in
th
is 
fig
ur
e w
as
 r
ec
o
rd
ed
 fo
r 1
43
.1
 m
To
rr
 n
itr
om
et
ha
ne
 at
 a
 fi
el
d o
f 4
00
 V
/c
m
. 
Th
e
tr
an
sm
iss
io
n 
in
 th
e 
K
er
r s
pe
ct
ru
m
 is
 0
4 
%
. 
A
 p
or
tio
n 
o
f t
hi
s 
sp
ec
tru
m
 is
ex
pa
nd
ed
 in
 F
ig
. 7
6 
to
 il
lu
str
at
e t
he
 fi
el
d e
ffe
ct
s.
15
88
3 
15
89
D
 
15
89
3
15
90
D
Fn
qp
.ic
y [
ce
ll
Fi
gu
re
 7
5 
N
itr
om
et
ha
ne
 K
er
r S
pe
ct
ru
m
 1
58
8.
5-
15
90
.0
 cm
-.
 
Th
e K
er
r 
sp
ec
tru
m
 in
th
is 
fig
ur
e w
as
 r
ec
o
rd
ed
 w
ith
 1
43
 m
.T
or
r o
f n
itr
om
et
ha
ne
 in
 a
 fi
el
d O
f 4
00
 V
/c
m
. 
Th
e
gr
ea
te
st 
tr
an
sm
iss
io
n 
w
as
 0
3 
%
.
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5
15
85
.1
0 
15
85
.1
2 
15
85
.1
4 
15
85
.1
6 
15
85
.1
8 
15
85
.2
0
Fr
qu
m
cy
 f&
']
Fi
gu
re
 7
6 
El
ec
tr
ic
 F
ie
ld
 D
ep
en
de
nc
e 
A
s 
th
e 
fig
ur
e 
in
di
ca
te
s 
th
er
e 
w
as
 n
o
 
sim
pl
e
re
la
tio
ns
hi
p 
be
tw
ee
n 
th
e 
K
er
r 
sig
na
l a
n
d 
th
e 
ap
pl
ie
d 
fie
ld
. 
In
 fa
ct
, t
he
 K
er
r 
sig
na
l a
t 
a
gi
ve
n 
fre
qu
en
cy
 m
ay
 in
cr
ea
se
 o
r 
de
cr
ea
se
 w
ith
 in
cr
ea
sin
g 
fie
ld
. 
Th
is 
be
ha
vi
or
 o
f t
he
 K
er
r
sp
ec
tru
m
 w
ith
 a
pp
lie
d 
fie
ld
 is
 in
di
ca
tiv
e o
f t
he
 c
an
ce
lla
tio
n a
n
d 
en
ha
nc
em
en
t m
ec
ha
ni
sm
s
o
u
tli
ne
d 
in
 C
ha
pt
er
 F
iv
e.
S
PM
= 
W
ba
l
Fi
gu
re
 7
7 
Pr
es
su
re
 D
ep
en
de
nc
e 
o
f t
he
 K
er
r 
Ef
fe
ct
 I
n 
th
e 
ca
se
 w
he
re
 th
e 
ba
ck
gr
ou
nd
bi
re
ffi
ng
en
ce
 i
s 
sm
al
l 
(tr
an
sm
iss
ion
 <
 2
) 
an
d 
w
he
re
 t
he
 a
n
al
yt
e 
bi
re
ffi
ng
en
ce
, 
an
d 
lin
ea
r
di
ch
ro
ism
 is
 sm
al
l, i
t c
an
 b
e s
ho
w
n 
th
at
 th
e 
sig
na
l i
s l
in
ea
r w
ith
 re
sp
ec
t t
o 
pr
es
su
re
 fo
r l
ow
pr
es
su
re
s.
13
6
7.
5 
C
on
cl
us
io
ns
A
lth
ou
gh
 in
fra
re
d 
K
er
r 
sp
ec
tra
 i
n 
th
e 
ga
s 
ph
as
e 
w
er
e 
m
ea
su
re
d 
fo
r t
he
 f
irs
t t
im
e,
th
e 
ex
pe
rim
en
ts 
n
ee
d 
to
 
be
 i
m
pr
ov
ed
 i
n 
se
v
er
al
 w
ay
s 
be
fo
re
 a
n
y 
m
o
re
 
m
ea
n
in
gf
ul
in
fo
rm
at
io
n 
ca
n
 b
e 
ex
tr
ac
te
d 
fro
m
 th
e 
K
ef
f s
pe
ct
ru
m
 o
f n
itr
om
et
ha
ne
. 
M
os
t i
m
po
rta
nt
ly
,
th
e 
in
co
rp
or
at
io
n 
o
f 
a 
fu
nc
tio
ni
ng
 p
ho
to
el
as
tic
 m
o
du
la
to
r 
w
o
u
ld
 i
m
pr
ov
e 
th
e 
K
ef
f
m
ea
su
re
m
en
t 
sy
ste
m
 tr
em
en
do
us
ly
. 
Th
e 
ca
pa
ci
ty
 o
f t
he
 P
EM
 to
 im
pr
ov
e 
sig
na
l to
 n
o
ise
,
se
pa
ra
te
 li
ne
ar
 d
ic
hr
oi
sm
, a
n
d b
ire
ffi
ng
en
ce
, a
n
d u
til
iz
e 
o
n
ly
 o
n
e 
de
te
ct
or
 w
ith
ou
t n
ee
d 
fo
r
su
bt
ra
ct
io
n 
o
f u
n
de
sir
ed
 tr
an
sm
iss
io
n w
o
u
ld
 h
av
e 
pe
rm
itt
ed
 a
 m
o
re
 c
o
m
pl
et
e 
ev
al
ua
tio
n o
f
th
e 
so
u
rc
e 
o
f t
he
 f
ea
tu
re
s 
in
 th
e 
K
ef
f 
sp
ec
tru
m
 o
f n
itr
om
et
ha
ne
. 
Th
e 
lik
el
y i
m
pr
ov
em
en
t
in
 s
ig
na
l to
 n
o
ise
 w
ith
 p
ol
ar
iz
at
io
n m
o
du
la
tio
n 
w
o
u
ld
 a
lso
 p
er
m
it 
th
e 
st
ud
y 
o
f t
he
 e
ffe
ct
 at
lo
w
er
 a
pp
lie
d 
el
ec
tri
c 
fie
ld
s, 
w
he
re
 th
e 
St
ar
k 
sh
ift
s a
re
 le
ss
 li
ke
ly
 to
 c
au
se
 tr
an
sit
io
ns
 to
o
v
er
la
p 
in
 fr
eq
ue
nc
y.
To
 a
id
 i
n 
co
rr
el
at
in
g 
th
e 
ro
ta
tio
na
l 
st
at
es
 o
f 
th
e 
m
o
le
cu
le
 t
o 
th
e 
st
ro
ng
 K
er
r
fe
at
ur
es
, 
a 
so
u
rc
e 
m
u
st
 b
e 
fo
un
d 
w
ith
 g
re
at
er
 c
o
v
er
ag
e 
o
f 
th
e 
en
tir
e 
n
itr
om
et
ha
ne
as
ym
m
et
ric
 N0
2 
st
re
tc
h 
ba
nd
. 
In
 p
ar
tic
ul
ar
, a
cc
es
s 
to
 t
he
 lo
w
 J 
tr
an
sit
io
ns
 in
 th
e 
P,
 Q
,
an
d 
R
 b
ra
nc
he
s m
ay
 h
av
e 
sh
ow
n 
st
ro
ng
 f
ea
tu
re
s 
re
la
te
d 
to
 t
he
 l
ow
 J
 s
en
sit
iv
ity
 o
f t
hi
s
te
ch
ni
qu
e.
 T
he
 d
es
ire
d,
 b
ro
ad
er
 
ec
tr
al
 c
o
v
er
ag
e w
o
u
ld
 a
lso
 p
er
m
it 
th
e 
ap
pl
ic
at
io
n o
f a
n
ex
tr
ac
tio
n 
te
ch
ni
qu
e 
su
ch
 a
s 
ex
te
nd
ed
 c
ro
ss
 c
o
rr
el
at
io
n 
to
 th
e 
ss
ig
nm
en
t o
f t
he
 b
an
d.
 A
lik
el
y 
ca
n
di
da
te
 f
or
 i
m
pr
ov
ed
 s
pe
ct
ra
l 
co
v
er
ag
e 
w
o
u
ld
 b
e 
a 
hi
gh
 r
es
o
lu
tio
n 
Fo
ur
ie
r
Tr
an
sf
or
m
 s
pe
ct
ro
m
et
er
 c
o
u
pl
ed
 w
ith
 t
he
 p
ol
ar
iz
at
io
n 
m
o
du
la
tio
n.
 
Th
e 
co
rr
el
at
io
n
13
7
be
tw
ee
n 
th
e 
o
bs
er
ve
d 
K
er
r 
sp
ec
tru
m
 a
n
d 
a 
ca
lc
ul
at
ed
 K
ef
f 
sp
ec
tru
m
 w
o
u
ld
 a
lso
 b
e
im
pr
ov
ed
 b
y 
in
cl
us
io
n 
o
f 
th
e 
in
te
rn
al
 ro
to
r 
st
at
es
. 
Fo
r 
th
e 
in
te
rn
al
 r
o
to
r 
st
at
es
 t
o 
be
in
cl
ud
ed
, th
e 
in
te
rn
al
 ro
ta
tio
n 
pa
ra
m
et
er
s o
f t
he
 e
x
ci
te
d 
st
at
e 
w
o
u
ld
 n
ee
d 
to
 b
e 
de
te
rm
in
ed
o
r 
m
ea
su
re
d,
 p
er
ha
ps
 fr
om
 th
e 
K
er
r s
pe
ct
ru
m
 c
o
v
er
in
g 
th
e 
en
tir
e b
an
d.
R
ef
er
en
ce
s
1 L
. S
. R
ot
hm
an
, A
. M
cC
an
n,
 L
. A
br
eu
, M
. V
ol
ta
ire
, S
. H
ar
ve
y,
 J.
 S
ch
ro
ed
er
,
I-
U
TR
A
N
96
, O
nt
ar
 C
or
p.
 (I
 99
6).
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C
ha
pt
er
 Ei
gh
t
C
on
cl
us
io
ns
Th
e 
fo
cu
s 
o
f t
he
 K
er
r 
m
ea
su
re
m
en
ts
 a
n
d 
o
f t
he
 re
se
ar
ch
 c
o
n
du
ct
ed
 in
 c
o
n
jun
cti
on
w
ith
 th
e 
K
er
r 
ef
fe
ct
 h
as
 b
ee
n 
th
e 
se
n
sit
iv
e 
an
d 
se
le
ct
iv
e 
de
te
ct
io
n 
o
f 
ex
pl
os
iv
es
. 
Th
e
re
se
ar
ch
 o
n
 
th
e 
K
er
r 
ef
fe
ct
 h
as
 e
st
ab
lis
he
d 
th
at
 t
he
 l
as
er
 d
io
de
 b
as
ed
 c
la
ss
ic
 K
er
r
m
ea
su
re
m
en
t s
et
up
 is
 n
o
t 
ap
pl
ic
ab
le
 to
 t
he
 ta
sk
 o
f e
x
pl
os
iv
es
 d
et
ec
tio
n 
an
d 
su
gg
es
ts 
th
at
th
e 
K
er
r 
ef
fe
ct
 w
ill
 li
ke
. ly
 n
o
t 
be
 a
 u
se
fu
l m
ea
n
s 
o
f 
ex
pl
os
iv
es
 d
et
ec
tio
n.
 
H
ow
ev
er
, t
he
re
se
ar
ch
 h
as
 d
em
on
str
at
ed
 a
 n
ew
 p
ro
be
 o
f t
he
 ro
ta
tio
na
l 
st
ru
ct
ur
e 
o
f i
nf
ra
re
d 
v
ib
ra
tio
na
l
ba
nd
s o
f m
o
le
cu
le
s i
n t
he
 g
as
 p
ha
se
. 
Th
e 
qu
al
ita
tiv
e f
ea
tu
re
s o
f t
he
 sp
ec
tra
 c
o
lle
ct
ed
 h
er
e
in
di
ca
te
 th
e 
po
ss
ib
ili
ty
 o
f m
ak
in
g 
as
sig
nm
en
ts 
in
 ro
v
ib
ra
tio
na
l s
pe
ct
ra
 b
as
ed
 o
n
 t
he
 K
er
r
ef
fe
ct
. 
'W
ith
 th
e 
ca
pa
ci
ty
 t
o 
pr
ob
e 
th
e 
en
tir
e 
ba
nd
 a
n
d 
th
e 
ad
di
tio
n 
o
f 
a 
po
la
riz
at
io
n
m
o
du
la
tio
n 
sc
he
m
e,
 t
he
 r
o
ta
tio
na
l 
st
ru
ct
ur
e 
o
f 
th
e 
as
ym
m
et
ric
 N
02
 
st
re
tc
h 
ba
nd
 o
f
n
itr
om
et
ha
ne
 c
o
u
ld
 b
e 
as
sig
ne
d 
fo
r 
m
o
re
 t
ha
n 
jus
t t
he
 r
o
ta
tio
na
l 
st
at
es
 w
ith
ou
t 
in
te
rn
al
ro
ta
tio
n.
 
Co
nt
in
ua
tio
n 
o
f 
th
e 
n
itr
om
et
ha
ne
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es
ea
rc
h,
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ow
ev
er
, 
w
ith
 t
he
 c
u
rr
en
t 
K
er
r
m
ea
su
re
m
en
t a
pp
ar
at
us
 i
s 
n
lik
el
y t
o 
le
ad
 to
 a
n
y 
fu
rth
er
 c
o
rr
el
at
io
n 
o
f t
he
 e
ffe
ct
 to
 t
he
ro
ta
tio
na
l 
st
at
es
 
o
f 
n
itr
om
et
ha
ne
 o
r 
to
 t
he
 m
ea
su
re
m
en
t 
o
f 
th
e 
K
er
r 
sp
ec
tra
 o
f 
th
e
ex
pl
os
iv
es
.
Th
e 
sc
o
pe
 o
f 
th
e 
ex
pl
os
iv
es
 d
et
ec
tio
n 
re
se
ar
ch
 h
as
 g
on
e 
fa
r 
be
yo
nd
 th
e 
K
er
r
ef
fe
ct
, h
ow
ev
er
, a
n
d 
in
cl
ud
ed
 
W
-R
es
on
an
ce
 R
am
an
, s
u
rfa
ce
 en
ha
nc
ed
 re
so
n
an
ce
 R
am
an
,
U
V
-p
ho
to
ly
sis
 w
ith
 N
02
 
fra
gm
en
t 
de
te
ct
io
n,
 c
o
n
v
en
tio
na
l 
R
am
an
, 
an
d 
m
o
re
 r
ec
en
tly
in
fra
re
d 
ca
v
ity
 
rin
g-
do
w
n 
de
te
ct
io
n.
 
Th
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LT
V
-re
so
na
nc
e 
an
d 
co
n
v
en
tio
na
l 
R
am
an
.
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te
ch
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e 
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en
 d
em
on
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at
ed
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s 
u
se
fu
l t
oo
ls 
in
 p
ro
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ng
 s
o
lu
tio
ns
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n
d 
so
lid
 s
am
pl
es
la
rg
er
 th
an
 r
eq
ui
re
d 
fo
r m
o
st
 s
ec
u
rit
y 
sc
re
en
in
g.
 
Co
nv
en
tio
na
l R
am
an
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lre
ad
y 
be
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u
se
d 
w
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 m
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ro
sc
op
y 
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 c
ha
ra
ct
er
iz
e 
th
e 
re
sid
ue
s 
o
f e
x
pl
os
iv
e 
de
vi
ce
 co
n
st
ru
ct
io
n,
 a
n
d,
ha
s, 
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er
ef
or
e 
im
pr
ov
ed
 u
n
de
rs
ta
nd
in
g o
f a
pp
ro
pr
ia
te
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sid
ue
 d
et
ec
tio
n.
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e 
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su
lts
 o
f 
th
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ce
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n
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nc
ed
 R
am
an
 (S
ER
S)
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o
rk
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u
gg
es
ts 
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at
 v
o
fth
ap
pr
op
ria
te
 e
n
gi
ne
er
in
g 
o
f 
th
e 
su
rfa
ce
 s
u
bs
tra
te
s, 
SE
RS
 w
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 b
e 
a 
se
n
sit
iv
e 
de
te
ct
io
n
te
ch
ni
qu
e.
 
W
ith
 d
et
ec
tio
n 
le
ve
ls 
o
f 
I 
pg
 a
lre
ad
y 
de
m
on
str
at
ed
 f
or
 T
N
T,
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 t
ec
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ue
m
u
st
 b
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ad
e 
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o
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ci
bl
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s w
ith
 c
o
n
sis
te
nt
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pt
ic
al
2
pr
op
er
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s. 
In
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 p
ro
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 b
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 b
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n
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di
ng
 c
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s c
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 b
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de
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 b
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en
in
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o
f b
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ga
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n
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 b
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 d
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de
 la
se
r 
ba
se
d
R
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an
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 b
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n
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 f
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l t
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x
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 d
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m
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N
U
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 b
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n
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o
u
ld
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 b
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v
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RS
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e
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an
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 c
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u
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 b
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iv
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f
ex
te
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 c
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 c
o
rr
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o
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pe
ct
ra
l f
ea
tu
re
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re
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x
pl
os
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x
pl
os
iv
es
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er
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o
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o
m
po
un
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 c
o
u
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pe
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n
ta
in
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 c
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?
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 b
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l t
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 p
at
hl
en
gt
h 
as
so
ci
at
ed
 w
ith
 th
is 
te
ch
ni
qu
e 
co
u
ld
 m
ak
e
th
e 
ro
o
m
 t
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re
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 c
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 b
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 c
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l. 
Th
e 
sm
al
l v
o
lu
m
e 
co
n
st
ru
ct
io
n
o
f 
th
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m
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 b
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 b
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-T
he
 n
u
m
be
r o
f d
at
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po
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ts 
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m
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n
te
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ur
st 
o
f t
he
 in
te
rfe
ro
gr
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r
w
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ch
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o
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ai
n 
is 
ap
pl
ie
d.
 O
ut
sid
e 
th
is 
ar
ra
y,
 a
 g
ai
n 
is 
ap
pl
ie
d 
to
 t
he
 a
n
al
og
 d
at
a 
so
 th
at
A
/D
 c
o
v
er
te
r 
is 
fil
le
d b
y 
th
es
e w
ea
k 
sig
na
ls.
 S
in
ce
 m
u
ch
 o
f t
he
 re
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lu
tio
n 
in
fo
rm
at
io
n i
s i
n
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w
ea
k 
sig
na
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e 
qu
al
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 of
 th
e 
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ec
tru
m
 c
o
lle
ct
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 is
 e
n
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ed
. 
Fo
r 
N
fid
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 sp
ec
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e
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m
m
en
de
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v
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A
N
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-A
 fil
e f
or
m
at
 u
se
d 
by
 th
e 
B
io
Ra
d 
so
ftw
ar
e w
he
n 
tr
an
sla
tin
g 
da
ta
 fr
om
 th
e 
B
io
Ra
d
pl
at
fo
rm
 to
 a
 P
C 
fo
rm
at
 fi
le
. 
A
 tr
an
sm
iss
io
n 
o
r 
ab
so
rp
tio
n 
sp
ec
tru
m
 c
an
 b
e 
tr
an
sla
te
d 
to
th
e 
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 fo
rm
at
 b
y 
ty
pi
ng
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jca
mp
 [l
en
am
e] 
at
 th
e 
%
 p
ro
m
pt
. 
Th
e 
o
u
tp
ut
 f
ile
 is
 st
or
ed
 o
n
th
e 
ha
rd
 d
riv
e a
s 
a 
CA
M
T 
fo
rm
at
 fi
le
 un
de
r 
th
e n
am
e 
se
t i
n 
th
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N
ew
sp
ec
 p
ar
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et
er
 w
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ex
te
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io
n.
 d
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 T
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n
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e o
f r
o
w
s 
an
d 
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lu
m
ns
 o
f d
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a.
 T
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 h
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de
r
gi
ve
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o
f t
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 c
o
lle
ct
io
n p
ar
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et
er
s. 
Th
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da
ta
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d 
so
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at
 th
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t co
lu
m
n i
s 
an
ar
ra
y 
o
f 
ap
pr
ox
im
at
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y 
ev
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y 
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v
en
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r 
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eq
ue
nc
y 
po
in
t 
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vi
de
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by
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 f
ac
to
r
X
fa
ct
or
 g
iv
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 in
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he
ad
in
g.
 A
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r e
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en
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m
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 p
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 p
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lu
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o
n
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n
ex
t
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nt
 g
iv
en
 in
 c
o
lu
m
n 
o
n
e.
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fil
e 
fo
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u
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e 
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ta
 c
an
 b
e 
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ed
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 sp
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u
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tr
an
sf
or
m
at
io
n 
ev
en
fb
rv
4=
2:
vl
-l;
fe
p(v
4,v
4+
1)-
-(1
/4 *
 (B
-C
)-d
j *J
* Q
+ I
)-d
k*
Ke
(v4
+1
)A
 2)*
([J
*(J
+I
)-
K
e(v
4+
1)*
(K
e(v
4+
1)-
I)]
*[J
*(J
+I
)-(
Ke
(v4
+1
)-I
)*(
Ke
(v4
+1
)-2
)])
A(
1/2
);
fe
p(v
4+
 lv
4)-
-fe
p(v
4,v
4+
 1
);
en
d
fe
p(1
,2)
=(
2)A
(1/
2)*
(1/
4*
(B
-C
)-d
j*J
*(J
+I)
-dk
*4
)*(
J*(
J+
I)*
(J*
(J+
I)-
2))
A(
1/2
);
fe
p(2
, I)
--f
ep
(1,
2);
0/
oD
ia
go
na
l as
ym
m
et
ric
 te
rm
s p
os
iti
ve
 W
an
g 
tr
an
sf
or
m
at
io
n 
o
dd
fo
p(l
, 1
=1
/2
*(B
+C
)*J
*(J
+I
)+
[A
-1/
2*
(B
+C
)]+
(1/
4*
(B
-C
)-d
j*i
*(J
+I)
-
dk
)*J
*(J
+I
)-D
J*
JA
2*
(J+
I)A
2-D
JK
*J
*(J
+I
)-D
K;
fo
r v
5=
2:
v2
;
fo
p(v
5,v
5)=
1/2
*(B
+C
)*J
*(J
+I
)+
[A
-1/
2*
(B
+C
)]*
Ko
(v5
)A
2-D
J*
JA
2*
(J+
I)A
2-
D
JK
*J
*(J
+I
)*K
o(v
5)A
2-D
K*
Ko
(v5
)A
4;
en
d;
%
O
ff 
di
ag
on
al
 as
ym
m
et
ric
 te
rm
s 
po
sit
iv
e 
W
an
g 
tr
an
sf
or
m
at
io
n 
o
dd
fo
r v
6=
 I:
v2
- 1
;
fo
p(v
6,v
6+
1)=
(1/
4*
(B
-C
)-d
j*J
*(J
+I)
-dk
*K
o(v
6+
1)A
2)*
([J
*(J
+I)
-
K
o(v
6+
1)*
(K
o(v
6+
1)-
I)]
*[J
*(J
+I
)-(
Ko
(v6
+1
)-I
)*(
Ko
(v6
+1
)-2
)])
A(
1/2
);
fb
p(v
6+
1,v
6)-
-fb
p(v
6,v
6+
l);
en
d
%
D
ia
go
na
l a
sy
m
m
et
ric
 te
rm
s n
eg
at
iv
e W
an
g 
tr
an
sf
or
m
at
io
n 
ev
en
fo
r v
7=
 L
v I
 -1
;
fe
m
(v7
,v7
)=
1/2
*(B
+C
)*J
*(J
+I
)+
[A
-1/
2*
(B
+C
)]*
Ke
(v7
+1
)A
2-D
j*j
/l2
 *(J+I
)A
 
2-
D
JK
*J
*(J
+I
)*K
e(v
7+
1)A
2-D
K*
Ke
(v7
+1
)-"
4;
en
d
%
O
ff 
D
ia
go
na
l a
sy
m
m
et
ric
 te
rm
s 
n
eg
at
iv
e W
an
g 
tr
an
sf
or
m
at
io
n 
ev
en
fo
r A
= 
Lv
 1 
2;
fe
m
(v8
+1
,v8
)=
(1/
4*
(B
-C
)-d
j*J
*(J
+I)
-dk
*K
e(v
8+
2)A
2)*
([J
*(J
+I)
-
K
e(v
8+
2)*
(K
e(v
8+
2)-
I)]
*[J
*(J
+I
)-(
Ke
(v8
+2
)-I
)*(
Ke
(v8
+2
)-2
)])
A(
1/2
);
fe
m
.(v
8,v
8+
l)-
fem
(v8
+lv
8);
en
d
o
/D
ia
go
na
l a
sy
m
m
et
ric
 te
rm
s 
n
eg
at
iv
e W
an
g 
tr
an
sf
or
m
at
io
n 
o
dd
fo
m
(l,
 1
=1
/2
*(B
+C
)*J
*(J
+I
)+
[A
-1/
2*
(B
+C
)]-
(1/
4*
(B
-C
)-d
j*i
*(J
+I)
-
dk
)*J
*(J
+I
)-D
J*
JA
2*
(J+
I)A
2-D
JK
*J
*(J
+I
)-D
K;
fo
r v
9=
2:
v2
;
14
5
fO
M
(V
gV
g)=
1/2
*(B
+C
)*J
*(J
+I
)+
[A
_1
/2*
(B
+C
)]*
KO
(V
g)A
2_
Dj
 *J
A
 
2*
(J+
I)A
2-
D
JK
*J
*(J
+1
)*K
o(v
9)A
2-D
K*
Ko
(v9
)A
4;
en
d
%
O
ff 
D
ia
go
na
l a
sy
m
m
et
ric
 te
rm
s n
eg
at
iv
e W
an
g 
tr
an
sf
or
m
at
io
n 
o
dd
fb
rv
l0
=I
:v
2-
l;
fo
m
(vl
O+
Ivl
O)
=(
1/4
*(B
-C
)-d
j*J
*(J
+I)
-dk
*K
o(v
I 
O
+I
)A
 
2)*
([J
*(J
+I
)-
K
o(v
lO
+I
)*(
Ko
(vl
O+
I)-
I)]
*[J
*(J
+I
)-(
Ko
(vl
O+
I)-
I)*
(K
o(v
lO
+I
)-2
)])
A(
1/2
);
f0
m
(V
l0,
vl0
+l)
--f
0m
.(V
l0+
lvl
0);
en
d
[es
ep
ev
ep
]=
eig
(fe
p);
[es
op
ev
op
]=
eig
(fb
p);
fe
se
m
,e
ve
m
]=
eig
(fe
m)
;
[es
om
ev
om
.]=
eig
(fb
m.
);
es
ep
2=
es
ep
';
es
em
2=
es
em
!;
es
o
p2
=e
so
p'
;
es
o
m
2=
es
on
Y
;
fo
r v
l 1
='
i:v
l;
f(y
 1 
1,
 1)
=e
ve
p(v
 
I I
vI
 
1);
f(y
I 1
,2
)=
J;
f(y
l 1
,6
:5
+v
l)=
ese
p2
(vl
 1
, 
:v
l);
f(y
I 1
,6
+v
l:5
+2
*v
l)=
Ke
;
en
dj
fo
r v
l3
=1
:v
l-l
;
f(v
l3+
vl,
 1)
=e
ve
m(
vl3
,vl
3);
f(v
l3+
vl,
2)=
J;
f(y
 3
 +v
 1
, 6
:4
+v
 1
)=
ese
m2
(y 
3,
 L
v 
I -
);
f(v
l3+
vl,
6+
vl:
4+
2*
vl)
=K
e(2
:vl
);
en
d
fo
r v
 I 2
=I
:v
2;
f(y
 2
+2
 *v
 I -
1,
 1)
=e
vo
p(v
 I 2
,v
 2
);
f(v
l2+
2*
vl-
1,2
)=
J;
f(v
l2+
2*
vl-
1,6
:5+
v2
)=
eso
p2
(vl
2,1
:v2
);
f(v
l2+
2*
vl-
1,6
+v
l:5
+v
l+v
2)=
Ko
;
f(v
l2+
2*
vl+
v2
-1,
 1
)=
ev
om
(vl
2,v
l2)
;
f(v
l2+
2*
vl+
v2
-1,
2)=
J;
f(v
l2+
2*
vl+
v2
-1,
6:5
+v
2)=
eso
m2
(vl
2, 
:v
2);
f(v
l2+
2*
vl+
v2
-1,
6+
vl:
5+
vl+
v2
)=
Ko
;
en
d;
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ev
al
(['s
av
e 
es
d'i
nt
2s
tr(
J 
I f
 -a
sc
iP
]);
Th
e 
pr
ev
io
us
 p
ro
gr
am
's 
o
u
tp
ut
 f
ile
s w
er
e 
th
e 
ro
ta
tio
na
l e
ig
en
sta
te
s a
n
d 
ei
ge
nv
al
ue
s.
Th
es
e 
o
u
tp
ut
 
es
 w
er
e 
th
en
 a
n
al
yz
ed
 w
ith
 th
e 
n
ex
t p
ro
gr
am
s w
hi
ch
 s
o
rt
ed
 th
e 
en
er
gi
es
an
d 
as
sig
ne
d t
he
m
 th
e 
pr
ol
at
e 
an
d 
o
bl
at
e t
op
 li
m
it q
ua
nt
um
 n
u
m
be
rs
 K
. a
n
d K
c.
fu
nc
tio
n p
=c
on
so
l(J
);
fo
r 
i--
-2
:J; ev
al
([I
oa
d e
sd
'in
t2
str
(i)
ev
al
(['t
em
p=
esd
'in
t2s
tr(
i)';
']);
[Y
V]
=s
or
t(t
em
p(:
, 
1))
;
o
=
le
ng
th
(te
mp
(:,
 1
));
fo
r 
=
 1
: o
;
x
(l,
:)-
-te
mp
(V
(I)
,:)
;
en
d;
ev
al
(['s
av
e e
sd
s'i
nt
2s
tr(
i)'x
 
-
as
ci
i'l
);
i cl
ea
r
en
d;
fu
nc
tio
n 
f--
-a
dd
o);
fo
r i
7-
2 j; e
v
al
(['l
oa
d e
sd
s'i
nt
2s
tr(
i)
ev
al
(['e
=le
ng
th(
esd
s' 
in
t2
str
(i)
 
(:,
 1)
);']
);
fo
r L
7=
l:(
e-l
)/2
;
ev
al
(['e
sd
s' 
in
t2
str
(i)
 '
(2*
i2+
1,3
)--
1'2
;'])
;
ev
al
(['e
sd
s'in
t2s
tr(
i)'(
2*
i2,
3)-
--i
2;'
]);
ev
al
(['e
sd
s' i
nt
2s
tr(
i) 
(e 
I 
2*
i2
,4
)--
-12
;'])
;
ev
al
(['e
sd
s'in
t2s
tr(
i) 
(e-
2*
i2,
4)=
i2;
']);
en
d;
ev
al
(['s
av
e e
sd
s'i
nt
2s
tr(
i)'e
sd
s'in
t2s
tr(
i)'-
asc
ii']
);
en
d
Th
e n
ex
t t
hr
ee
 p
ro
gr
am
s 
ac
co
u
n
t f
or
 B
ol
tz
m
an
 fa
ct
or
 a
n
d 
n
u
cl
ea
r s
pi
n s
ta
tis
tic
 p
op
ul
at
io
n
fa
ct
or
s.
14
7
fu
nc
tio
n f
--a
dd
3o
)
fo
r i
-- 1
j; ev
al
([' 
lo
ad
 g
sd
s'i
nt
2s
tr(
i)]
);
ev
al
([' 
gs
ds
--g
sd
s' 
in
t2
str
(i)
k-
-0
:2
:i;
e=
le
ng
th
(k)
;
fo
r r
--
 I:I
en
gt
h(g
sd
s(:
, 1
));
if 
gs
ds
(rf
i+e
) 
I;
gs
ds
(r,
5)=
O;
el
se
ev
al
(['g
sd
s'in
t2s
tr(
i) 
(:,
5)=
(2*
i+l
)*e
xp
(-g
sd
s'in
t2s
tr(
i) 
1)/
20
7.2
23
26
6);
'])
en
d;
en
d;
ev
al
(['s
av
e g
sd
s' 
in
t2
str
(i)
 g
sd
s' 
in
t2
str
(i)
 -
as
ci
fl)
en
d;
fim
ct
io
n 
ad
d5
o);
lo
ad
 a
v
er
ag
e
fo
r i
--2
j; ev
al
(['l
oa
d g
sd
s'i
nt
2s
tr(
i)]
);
ev
al
(['g
sd
s'in
t2s
tr(
i)'(
:,5
)=
gs
ds
'in
t2s
tr(
i)'(
:,5
)/a
ve
rag
e;'
]);
ev
al
(['s
av
e g
sd
s' 
in
t2
str
(i)
 g
sd
s' 
in
t2
str
(i)
 -
as
ci
i'])
;
en
d
W
ith
 th
e 
gr
ou
nd
 s
ta
te
 p
op
ul
at
io
ns
 c
lc
ul
at
ed
, 
th
e 
sp
ec
tra
 w
er
e 
ge
ne
ra
te
d 
w
ith
 th
e 
n
ex
t
th
re
e 
pr
og
ra
m
s.
P 
B
ra
nc
h
fu
nc
tio
n f
--g
en
p(J
);
fo
r 
i--
3:
J; ev
al
(['l
oa
d g
sd
s'i
nt
2s
tr(
i)
ev
al
(['I
oa
d e
sd
s'i
nt
2s
tr(
i-1
)
ev
al
(['g
=g
sd
s' i
nt
2s
tr(
i) 
;])
;
ev
al
(['e
=e
sd
s' i
nt
2s
tr(
i- 1
)
K
el
=0
:2
:i;
e1
=1
en
gt
h(K
el)
;
K
e2
=0
:2
:i-
1;
e2
=I
en
gt
h(K
e2
);
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fo
r i
2=
1:
i-1
;
p(i
2, 1
)=
e(2
*i2
, l)
-g(
2*
i2-
1,1
)+
15
83
.81
16
3;
p(i
2,2
:4)
=e
(2*
i2,
2:4
);
p(i
2,5
:7)
=g
(2*
i2-
1,2
:4)
;
fo
r i
3=
1:
el
;
K
l=
g(2
*i2
-1,
5+
el+
i3)
;
fo
r i
= 
1:
 e2
;
K
2=
e(2
*i2
,5+
e2
+i4
);
if 
K
 I -
K
2-
I;
in
tla
(i3
,i4
)=
((i
-K
l)*
(i-
Kl
- 
1))
A(
 
1/
2)*
g(2
*i2
-
1,
5+
i3
)*e
(2*
i2,
5+
i4)
; e
lse
if K
I-
K
21
;
in
tla
(i3
,i4
)=
(-I
)*(
(i+
Kl
)*(
i+K
l- 
1))
A(
1/2
)*g
(2*
i2-
1,
5+
i3
)*e
(2*
i2,
5+
i4)
; e
lse
 in
t I
 a(
i3,
i4)
=O
;
en
d;
en
d;
en
d
fo
r 
i5
= 
H
en
gt
h(i
nt 
I a
(:,
 )
);
in
t2
a(i
5)=
su
m(
int
la(
i5,
:))
;
en
d
in
t3
a-
-s
um
(in
t2a
);
p(i
2,8
)=
g(2
*i2
-1,
5)*
int
3a
/',2
/(1
6*
(i)
A2
*(2
*i+
l)*
(2*
i-I
));
p(i
2+
i-1
,1)
-e(
2*
i2,
1)-
g(2
*i2
+3
,1)
+1
58
3.8
11
63
;
p(i
2+
i-1
,2:
4)=
e(2
*i2
,2:
4);
p(i
2+
i-1
,5:
7)=
g(2
*i2
+3
,2:
4);
fo
r i
6=
 I: 
e 
I;
K
3=
g(2
*i2
+3
,5+
el+
i6)
;
fo
r i
7=
 I:
 e2
;
K
4=
e(2
*i2
,5+
e2
+i7
);
if 
K
3-
M
 
I
in
tlb
(i6
,i7
)=
((i
-K
3)*
(i-
K3
-
1))
A(
1/2
)*g
(2*
i2+
3,5
+i6
)*e
(2*
i2,
5+
i7)
;
el
se
if K
3-
M
l
in
tlb
(i6
,i7
)=
(-I
)*(
(i+
K3
)*(
i+K
3-
1))
A(
 1
/2
)*g
(2*
i2+
3,5
+i6
)*e
(2*
i2,
5+
i7)
;
el
se in
tlb
(i6
,i7
)=
O;
en
d;
en
d;
en
d;
fo
r i
8=
1:
le
ng
th
(in
tlb
(:,
 1)
);
14
9
in
t2
b(i
8)=
su
m(
int
lb(
i8,
:))
;
en
d;
in
t3
b=
su
m
(in
t2b
);
p(i
2+
i-1
,8)
=g
(2*
i2+
3,5
)*i
nt3
bA
2/(
16
*(i
)A
2*
(2*
i+l
)*(
2*
i-1
));
en
d;
fo
r i
3=
1:
i; p(i
3+
2*
(i-
I),
 )
=e
(2*
i3-
1,1
)-g
(2*
i3,
1)+
15
83
.81
16
3;
p(i
3+
2*
(i-
I),
2:4
)=
e(2
*i3
-1,
2:4
);
p(i
3+
2*
(i-
I),
5:7
)=
g(2
*i3
,2:
4);
fo
r i
9=
 I:
 e I
;
K
5=
g(2
*i3
,5+
el+
i9)
;
fo
r 
i I
 O
= 1
: e
2;
K
6=
e(2
*i3
-1,
5+
e2
+il
O)
;
if 
K
5-
K
6-
 
1;
in
tlc
(i9
,ilO
)=
((i
-K
5)*
(i-
K5
- 1
))A
(1/
2)*
g(2
*i3
,5+
i9)
*e
(2*
i3-
1,
5+
ilO
);
el
se
if 
K
5-
K
6=
--1
;
in
tlc
(i9
,ilO
)=
(-I
)*(
(i+
K5
)*(
i+K
5-
1))
A(
1/2
)*g
(2*
i3,
5+
i9)
*e
(2*
i3-
1,5
+il
O)
;
el
se
in
tlc
(i9
,ilO
)=
O;
en
d;
en
d;
en
d;
fo
r 
i I
 I 
=
 H
en
gt
h(i
nt 
I c
(:,
 1)
)
in
t2
c(i
 I 1
=s
um
(in
t 
I c
(i I
 1
,:)
);
en
d;
in
t3
c-
-s
um
(in
t2q
);
p(i
3+
2*
(i-
I),
8)=
g(2
*i3
,5)
*in
t3c
A2
/(1
6*
(i)
A2
*(2
*i-
l)*
(2*
i+l
));
en
d;
ev
al
(['s
av
e p
d'i
nt
2s
tr(
i)'p
 
-
as
ci
i'])
;i
en
d;
Q 
B
ra
nc
h
fu
nc
tio
n 
f--
ge
nq
(J)
;
fo
r 
i--
25
:J; ev
al
(['I
oa
d g
sd
s'i
nt
2s
tr(
i)
ev
al
(['I
oa
d e
sd
s'i
nt
2s
tr(
i)
ev
al
(['g
=g
sd
s' i
nt
2s
tr(
i) 
;])
;
15
0
ev
al
(['e
=e
sd
s'in
t2s
tr(
i)';
']);
fo
r 
i2
= 
1:
 2 *
i- 
1;
q(i
2, 
1)=
e(i
2+
2, 
I)-
g(i
2,1
)+
15
83
.81
16
3;
q(i
2,2
:4)
=e
(i2
+2
,2:
4);
q(i
2,5
:7)
=g
(i2
,2:
4);
K
e=
0:
2:
i;
e2
=l
en
gt
h(K
e);
fo
r i
3=
1:
e2
;
K
=g
(i2
,5+
e2
+i3
);
fo
r i
= 
I: 
e2
;
K
2=
e(i
2+
2,5
+e
2+
i4)
;
if 
K
-K
2=
- I in
tl(
i3,
i4)
=(
(i+
K)
*(i
-
K
+I
))A
(1/
2)*
g(i
2,5
+i3
)*e
(i2
+2
,5+
i4)
;
el
se
if 
K
-K
2 
I
in
tl(
i3,
i4)
=(
(i-
K
)*(
i+K
+I
))1
(1/
2)*
g(i
2,5
+i3
)*e
(i2
+2
,5-
+i4
);
el
se
 in
t I
 (i3
,i4
)=
O;
en
d
en
d
en
d
fo
r i
a7
I:I
en
gt
h(i
nt 
I (I
,:)
);
in
t2
(ia
)=
su
m(
int
l(:
,ia
));
en
d
in
t3
=s
um
(in
t2)
;
q(i
2,8
)=
int
3A
2*
g(i
2,5
)/(
16
*i/
\2*
(i+
I)A
2);
q(i
2+
2*
i- 
1,
 1)
=e
(i2
, I)
-g(
i2+
2,1
)+
15
 8
3.
81
16
3;
q(i
2+
2*
i-1
,2:
4)=
e(i
2,2
:4)
;
q(i
2+
2*
i-1
,5:
7)=
g(i
2+
2,2
:4)
;
fo
r i
5=
 I: 
e2
;
K
3=
g(i
2+
2,5
+e
2+
i5)
;
fo
r i
6=
1:
e2
;
K
4-
-e
(i2
,5+
e2
+i6
);
if 
K
3 -
K
4=
= 
I
in
tla
(i5
,i6
)=
((i
+K
3)*
(i-
K
3+
1))
A(
1/2
)*g
(i2
+2
,5+
i5)
*e
(i2
,5+
i6)
;
el
se
if 
K
3 
-
K
4-
 
I
in
tla
(i5
,i6
)=
((i
-
K
3)*
(i+
K3
+1
))A
(1/
2)*
g(i
2+
2,5
+i5
)*e
(i2
,5+
i6)
;
el
se
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 b
ra
nc
h
fu
nc
tio
n 
f--
ge
nr
(J)
;
fo
r 
i--
2:
J; ev
al
(['I
oa
d g
sd
s'i
nt
2s
tr(
i)
ev
al
(['I
oa
d e
sd
s'i
nt
2s
tr(
i+l
)
ev
al
(['g
=g
sd
s'in
t2s
tr(
i) 
;])
;
ev
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;
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;
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su
rn
(in
t2b
);
r(i
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2*
8)-
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)*i
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